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SilJlula lofs pruvlrl« HII ('l:lJllOmi':lll 1lI1~;IIIS of 1lIIlIIll"Sla udi ll).!; i1/1I1 c\'aillillilig the
pNfof mHtll'l' of Im!,I] ahsl.nH:1 and rt-at world sysuuns. III nddition 10 lJdll).!; ('llid ('lLl
illul ('iIS.y 1,0 II,~( ' , modern rlay simlilal.oJ"l; rJIIls l 1](' i l hh~ 10 I:ll[W wit h 111(' dl'llla llds or
iUlTl'HSirrl-\ l'Olllpl"xi ly witlliu sysnuus. Shuulntors must also lu- enslly exte nsible so
!,ha l l.Iu' hr-huviouruu-I IWfforl llillll'l' of II wirh' vari"I,1" o f sys tems tnay bo studied.
Thi s n '[Jort. will rml.lim' 1.Il1' dl',~igll and imph-meurntion ofn III,ilil,y which inte-
graI l's un interrn-tive, ).!;l"iIp llkal d('si).!;JI tool wit h a disl:]"('l, ' event simulutlen (:nll;illl'
tluu "lIIlIlo,\'s t ill' olljPd-oril' rl!",1 pa1"iu liglll as 11 menus of conrhal.illg 1"01llpl('xily, Cpu-
tralto l l.. , shuulatlon ll ~ :h ll il l lll' is l.I H·I:Olln ~Jll of 10m/lime, in which each entity IJf'illg
SillIIlIHIr',j umlurninsils O\\'11 1101ilU!of tltun throughout tho stnmhulon. This concept
1I1"I1I11I11('s I'l Jtlrpo lll' llt l ·lIl :al lSulal .iol1 ll rrd self-contalunnnt t hcrdl ,\' fu('ilit.a1iug tltr' im-
pll' 1ll1'nl atioll ll f rlist.rihnted l'H' lIl,·,lri\·pl1xlumlnt ors. :\1t hou~h Ilr t' si mulatio n domain
lll'snilH'd in t his report will ('(Insist primarily of digitallogt« circuit s, the simulat ion
t. ( ~ :hrrill 1lf·s shouldalso Ill' amcnublcto the slmu laurm or nny discwte event system.
Tln-grn pllin ll usor buorfuco Iront- nnd to t1 11 ~ simulator engine is desig lled tl) he
l'asy to IISl', I Il!llt '(' um kiug tho mu ll'r!y ing shuulator eng ine ac{'{'ssih !l~ to u wide 11l1-
,!il'tl l'!', '1'111' illlpll'lrWlltal,imlof I.IH'illll'r fa('(! is loosdy illtl'gml('l l wit h t.lre simulator
cnghu-, Illl'fl'l ),V providluga high dcgreo nl'xihilit.r Iwlw('(\!l the interface 11]1(1th e shuu-
lntur itself. T Ill' inll' f flll: l' fillettbesinmlator cnu each opera te as disti nct, self-contained
ap ll!iI'lltio lls, As 11 result, t. lll~ simulato r engine cou ld he configured 1.0crnploy a dlf-
fl'n' ll!. grnphirnl intl'rfll(:(' uud ti ll' graphical iutcrfacc r UI1 he ada pte d for a \'fu icty of
l'xist illl( Il' xl- ll11s('(1 simulutor englues.
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Chapter 1
Introduction
Advaucos in ll'ChllOlo11I' inva riably lendtu t1 11' ( ~ lIl:-;l , l"I ldj llllll r s.I'SII'II11" with ;lO ld ilinmil
l ayt·n; of (Xlllllllcx i t,y lifting ' \'n!PI)('d amll ll d llllln' l' d lllili\'l' hill '~ l ll n ll.\' '~ '"lplt ,,~ ~lIh·
S'\'1'U'lllS. lu tlu' rlll ure, l l u'l'ol' systems IlIny 111l'1I . i ll turn . I M ~' IIIII' snh.sy:·;I I·/lIS Ilf
la-haviour of t1lCsc s)'sll'llls t1mmg h hnttlwnre find I'OfiWiln '. FUf lllllll y . \It ' I'a n , 1t~ ill"
s i lllula ti oll ll S:
"... the process of des igning a modelof a real sys ttm and conduct ing expe ri-
ments with t his mode l fOlthe purpose eit her of under;,ta nd inr. the beh.wiour
of the system of or eva luating variousst ra tegies (w ithin the limits im posed by
a crite rion or a set of cr iteria) for the o p eration o f tilesys tem." I:'WI
Simulators 1II11st "dnp!. Iu hlcn'aSl~ iu sysl t~ll1 c:flltllll,·x il.y h,l' pl ~J"l ll i l ti ll J.; IIM'rs
to simulate II liYlitC lLl at severul l ~ Olll ~ ( ~lltlla l h~vl'\ s . Ullf ul' I,ll llulf'ly, 1. 11I~ Ilr·si J.\tl un.l
i tupleruentutiuu o r simulators iii a h llulil us ( :1I1l1111!X lL'l till' IiYSI.I~ lIIS iJdul\ liilil lll:lll'l i.
As n resul t , ther e has been lll:fllf(:c~rtl~ll d rur l hy Ull ' surtwll rl' 1111l1ll111lily .." HW1y
ti ll! I H l.l~ r. adVllllCI ~ lIJ!!lIts ill sufl.wart! tr~:I LrI(j I(JIlY in all auo mpt 10 counteract tbis
nver i lll: f!!a~illl( I:Olll pll!xi1.:y. TIH!i r eJrorts hm1~ bi d t o simulators which are {'lIsy to
lIlainlain ilUfI ( ~x l.l ~ lI d \l'h jl ( ~ ut lIw Salrlf: tinu- )In '*il~r \'i llg their ..rlntlvodlide ll cy, TIll'
p n ullirll'lll. ]mrmJig;1Ilf:Ilrl'l' IIt.ly Ill'iug; IISl~1 1.0 implement silllu lntllfs is thf!ubiquhnus
ohjN:l .rn'i lm!r:ll l:l ] IJHfadig;lll, ill which ~lrt \\'ll1'1! I'utitj es rkllid y modelrhclr rl'a l world
1:(1I111 1.1'rpm l.s. T his INlr,l!1ig;lIIhasb l!PII sIH'11'ssfnlly (~lI\ pl(}yed to hup lomont a wldo
va ril'I,,\' of simulator s rilliging from snwmill prOfllllt inn [22110 alr has<' lugistics [201,
l hb I.hl'Sis w !'l'I'sPlils a lIIajo r enhancement 10 Ill ] (~x is ti ug !iisl'\'e1.!"'l'11'llt slmu-
la liulIl:llj.(illl' li'! wb ir:h l'll lp lnys d is tr ihuled 1'11'11 1. qUCIIl'S liS i ls )lrimary ntcchanism
fo r l'I~'llt 1I1111 1111!,1'lIIl'lIl.ius tl:;ul or t.lr« mon- (:0111111011 1,\' Il~('(l g lobal ovont queue. 13,1'
1LI1 1 'l ~ , ill g 11 rulWl'PI. of 1/)f:fJ,1lilli/;.i t will Ill' shown how IJlI' g lolml event IIUI'IW limy
Ill' tl'J1I1Wl'd by sl'v( ~ra]l l is l l' ihlltl:d (llIl'UPS, caeb uf which III'I' selfmll ta illl~ 1 wi thin it
~ ill llll;I 1iI Hl 1'11l1111011C'1I1.The sysunu I )l' i ll ~ sil llll lntl'd cantln-n 1)('dt'compcsed hiemr-
r-hicallylUlll!ij'I'l'ra l slldl {~O IllIKJIlI ' Il t.S l hrrll hy promot.ing extonsihllity umlmodulunty
( I( thrsimuhuion sy stl 'lIl . Detailswil l n1'i11 he' pmvkk-d rlogard iull how thisslmuhuiun
1.( 'd lll il [l ll' addn's~('s thl' 11(' ('(1 fur I'X!f'IISihility nnd how Ihe simulat ion entit ios lIIay
I.., n~ lsl '( 1 Irom systnm to system so lIS10 avoid need less du p lication of dfor t when
('(lll~ t rul : tilig n III'\\' S)'Sll 'lll. The adatntugcs nnd chsmlvautages of using a glohlll
quem-vcrxus disl r ill1lLrd q uelH'S will be discussed as the two shaula t ion techniques
a I'(' c~ l lI1 pn n'(l from a design, implementation andphi losophica l pm'Sp cct ill!,
IIIluldi l.ioll to dc'sfI'il.illg nnd em llJmrillg t.he two simulati on ~t ra t cgil'S described
1Ih OI'I', th is rupnrt , will al'!Odisruss the dl$ign mill implemen t a tion iss ues asso ciated
wnh [l1'll\ 'i t li UIl the simulnto r ('" ~i l l ('S with It graph ical us erinterface. Sud 1\11 Inter face
ru n Ill' IIst'!l til la;\'o llt.nut! (:Ollll 'l:t till' simu lation en ti ties, observe the IIY III\lnk~ or
l!l(' s yslelll d uring ~iml1lali\l1l and l, llll'1"\ \-ariUHs rt11url s IlJlIlIl c'C'IllIlIt'litI Il Urlllt" s im-
ulat io n for vcri tiratiou III'\'t'f fu r11lallrc' C'\1Ilml1JUII. 1'h,' n hililr In u ll';!'l'\'c' tl ll' l l~'m ll ll it'
inte raction bctwren C:Ollll't lflc'l ll s makc'S lhrsilll lllal llr a ll j,It';!l l . " 11fliT1I11tIt'n'l1l1l.li lll:,
hcl uwiuUTUf {'1C'I l"'lltl\~' II~,; tC'IIlS"
Before p r cenung tlrtails n hnuil lu ' tltosif!;11 aurl illlll l"lIl1'lIl ll l illl1' If a ,lisiril llllt, 1
que ue simu la tor, ti lis I'1mpt p r will !H'(l \' illl' a I-:c'ltl'ml O\"t'l"\'it·w uf sil1lll la lillH. TI ll'
need fur simulators will hi' uxplainre] as will I lw JlIl, ' n lil ll IITohlt 'Ills I,h a l lila," a ri."Il·
thro ugh t.heir impnuleruuse. Afh'r c1isc'Il~,i ll ll; soUl" clilr"Il'1l1 SiIllUI;ll io ll lllll. I" ls, II
few prartlea l list 'S of s illlulnl.ors will h I' d.OSITilu'(!.
1.1 The Need for Sim u latio n
A s imul ato r is a eotlecuon uf hnnlwan- ulld S()ftWll"'S~'sl c'Il~~ \\·I, ic'lI art- IISI'Il ln Ulillli.'
III!'! boharlou r of fi(IIlIC c'ulil)' o r l" lI' IlClliJMlun . ' I)'/' it·a ll.\', tl,,· I·ut il,\"ur plll'Uflllll'lllll1
bein g simula t ed is rro m till' c1Olm,in of IIIl' bm p;iIJlc· r;lll~ill ~ from till! " 1,,'mLiflll ll(
i nLC'grll.t~ 1 ri rclliOito h d m\"ioll r Il( II l i ~l l l ain'm ft durin/.!; wi!"l l<i lu'('f" Sillllll;lt"rs 1ll;ly
al'iO be' 1~~'(1 to aualyze' Mild \'(' rify t!l("(mofil'lll 1l111lh-fS wh irll muy 111' l.fllI ,Iillk lllL I"
grasp from a pUfl' ly co nceptua l Irl1~1. Such fll lI ' Ill Il IN'Il U Il ;,III !?," f n NIl "xalll ilmlioll " f
blnck llOlcs 1.0 t llCSlllf ly or hilth ly nbstrnct 1lI11f 1I'isu r m lll ll lllIlLil ' ll . A.~slldl , SiUl tt l ; , I " ,r,~
provide II «ru cinl roll' ill both industr y a1111ac:aclc'luia .
Despite t hc illc:rcasi llllTI~:fJ/.!;ll i tjU li Ill' silliulal.clrs lI ,~ u v luhle11111 Ul ~:( :SSI I I '}' ],( ~" lln'l l
tool, one must eonstun tly hi! aWIIn~ of till! I ll , I.I ~ll l i li l jlru IJlplIIs ,v llid l Sim llllllurs muy
Intr o duce. NInu y Ilf t ilt : Jlrohll!l lls ml' re-lutol 1.11 till!l'IIlI' lllllllli' 1ll1111illli l.al.iUIIS"I' I'X-
isl.i ll~ hunlware pl;l!Jo r llls hut a m quickly lJei l l~ overrrnne us mnrc powerfu l platforms
iIIt! iUI,I'W)IICI!<!. tnher PWIJJI~lII S , unfor-tunately , are inherent wlthln simu lato rs nile!
lUI! rr-lntedr.othe mlUplexit.\' flJ';stld ated wil.htho S}'S1tlllls beingsimulated . Thissoc-
l.iull hil(lilil;ht.s ,.,..III I!' of l.llt!ma jor "l lvH lltnl(~ lind dlsadvantuges POl;('() hy modern
rlay s illlulato rs.
1.1.1 Advantages of Simulation
{)111~ o f rhn Ilr iulilry ml vHlll.llgl'S or Sillllilatlll's iJ'; l!JILt they are nblo tu provide users
with p rlwtim l fl~~ lhaek WIiI'1ld{'.~il(lIil1p; rcnlworld Srstr)!IlJ';.This allows t he designer
tn II!·tl'r lllirwUJ( ~ C~ II"rI'c:t Ill~S an d clJk ielll:r of 11(lc)si!l ll before the svseu is nctuallv
1:f!lIst rllrll ~1. CUIIS(~ ll leUl .l'y, th o user m ay explore t lu~ me rits of al ternative rbigns
withoutad ultl l)' physically Imildi lll(the s.\"l'trllls. Dr inveRtignting thoeffects ol spc-
rilir- dt osil(lIdl'd siuliSd uri llll l.)II) dtosign p hase ra ther L111111 the construction phase, the
II'Na ll t1151, of huildiup; tl u' system dimlni sbrs sip;lliliclIlll.ly. A~ nu example , couslder
(III' Iksil!,l1and fubrkut lou of integ rated circuit s . During the design phase , nc de-
sil(l1l'r is presented wit h a myriad of decisionsregardingsuch thtugs as the placement
uf c:oIll IKflll'lI l.S and l1w routing of thoconoccilng win'S. It would be very CO.'itly t o
mt lll\lIy rahrkatl~ all of the putcntlal designs as a menus o f cvaluati ng their respecti ve
pl'r fllr lllalll:c~. T hrough t llf~ lise of II simnlntnr, however, t hc user may lnvestigate t he
1'l'lal.iwsfltJt'riOlil.)"uf ,·a d l dt'sign withou t actually Iabricut.iug thc circuits themselves .
II)' llI illlirkilig UlI' beha viour of t.h,~ lIl's igns, the circuits imulator is able to provide
tIll'd" sij;lll'r with inforll l11 tioll pe rtaining to thecorrctucss andefficiency o f alterna te
tllosip;ns. :\flt' r rlm,rllly \\1'igh i n~ tlw ramifications of each drslgri, the best circuit
maythctr hu fabr lcuted.
Anot her IM'lll' fit ur simulators is thnt t ilt"" pl'l'lll il. s,I"sll' lll Iho:;ij.\1It'fS 111 Sllld ," II
prob lem at Sl','erfll differe n t levels orahsr r urtion , 13y nppn lBl'liill~ n S,l'Sl l' lIl HI u
hi gher level uf abstraet lon, till' dl's igw 'r is ln-uer nble In Il1h l c'rsl ;l1ld the Ill'hn\'i nurs
better ('q lliPIII'(1 t o couutomct tin' (~ lJlll ph'x i t. ;'l · nf llU' IJwrnll s....sll' lll . T h is 1'lIm p h'xil,\"
m nysimp ly overw helm rho Ilpsilllll' l' if tlil' pn lhh'rn 111\(11)1 '1'1) ll ll llrlmdu><! rW111;1 It ,\\~'r
level. As t.hcdcsiguerbcuor undnrst.nuds till' opcrat.ion oitlu- Il i,L!;l ll'f 11'\'I'II'lllllpll lll'IIS
t.hr engh the IISC' of thesim u lator, t.ho 1001N' Il'I'1'1 ('OlUplllll'lIl.s ilia,\' t. hon hl'tl ps iglll'd
and subscquculy simulated fur ,'er iril:nliOlI undpnrfonnnncr- l '\'Hlllal.illl1 . Till ' 1'lIli n'
system may be buil t !lased U [lOIl t.his "lop-clown" t,c'dllliqlll'. T his apJl l"oill'h is Unl 'lI
referred to liS lJicJ"fm:/licul den mqlO.'Ii ti lm [32 ] 11 1111 is I'SSt 'III,iill i trnny ,l l'sigll 1,111,111111 1
simu lator which d eals wit h the elln s t.r l1di o ll of mmpll'x sys1.c' lI1s. For I'xlI1IIp l", with
re spect to eireuir.s. it is o f tI' ll useful to t hink of II ULirroP !"O('I~'iUl" ill tl'f lll S or jls
regis ters, urltlnuet.ic logic 1I11il s, 1I\1 1 1 1.i )l1 (~xors alld elJll t wlu l l i l.s. A Silllllll,t,W whid l
permits t ho const.ruction, i nt.l~n:()lII Wd ioli 11 1111 snllSN llIl'!lt silrl' II:I1illll I.r Ihl'sl' Ili).\lwr
level ent i t.ies is lIIu ch mom u seful t.hnn n sim ulator w idth Hilly l l ~ 1.s L111 ~ dl 'Siglll'r hnild
and connec t simp le logic ga tes. Workin g a t a hi,l(Ill'1" l(!\'l'lahs t.nu'liIHi al so fadlil. llll'S
mllid [!rotolypinf] In whlch p reliminary s,ysl.C!IIlSnre dl~~i RJII~ 1 q uil:kly Ii.!" l lll' P UI"]IIl.'il'
of studying tbe Icu sluility and praet.i t'alit), o f t.1 wh i/l;h-l l ~wl d f' s igll .
Third ly , stmulatcrscuu b e usodas Hudf('cl.i w lIWallS fur l. l :lU~ hiIiR III' rl l'lIIIlIlS1.ra l.i llg
COIlCCIJ t.~ to student s, This ix pnrtiuu lurlyt r'u u ursilll lllaturs tl ll11.lImkl' ill1. I'Iliv.I ~lr l. lISI'
ofcomputc r graphlcsend un imatiou. Suchsi l llulal,on; d yrnuuirvrlly show 1.111 ' lx-huvhrnr
and relat.iouship of allthes irnu lnted sysu~m 's (;llI n[JOJ(l ~1I1s, 1.Iw rd lYprfJvilliJl,l(1.111' 11, 1'1'
with nmeunlngfulundrrsta ndlugof the syslem 's uaillre , Consider egain, forexample,
11d n:nit s imlilator . By sliowiu~ t ll{: pal,lls tak en hy s iglllilsH..o.; input.. a rc consu med
hy (:IJ 1I 1 )H IJ II : nL~ and oulputs arc pro duced over tlleir respec tive fanout, the stu dent
1:1111 uetuulfy S(~~ wha t is ha p lHming within tho circu it ntul is therefor e lrft wi th a
het.ter 1I 1J(krslallrl i ll~ Iur th e dynam ics of th e elrcuit . Such 11 s imula t o r should nlso
!' (!rllliLSI, II r1 I :IIL~ to SI Jl ~~llIp , slow dOWII, stop or ewn revers ea.ainmlationns 1\ Ill Ca I L~
of ajd i ll ~ umhrstandiug. T his is pa rl.il:1I1nrly true whnnsilllu lating circuits which
11:m l,nillb 'd l lllCk loops ocother 0llcra t iollswhich11l'Cnot immcdillt{']y i lJ tu it i l"~ upon
1II1 initlnl il lVl~l igat i oll ,
Dllring the! pros enieuon of the r1()sigll and implementation of the simulator in
r.hlx rt'purf., iI.will he smwn how the above p ositive a ttribut es hlll'li been or call he
i Jll:(Jqmmt.<~rlI H lt h ill tilt' simulutnr engil ili and i t~ IlS1!r interface ,
1. 1.2 Di sadva ntages of Simulati on
DC'spitl' tlw udvantages of si nmlaslon presented above, simula tors, like most tools,
do IHm: t hei r drawbuds. Manyof theseproblems call he attrlbucd to the com-
putruionally iU1.cns iw procosstng req uired by some s imulators. As n conseque nce,
t he 1l'Slll ko; of 11m simulation may 1I0t be read ily ava ilable aft er ncsimulation lias
sturt cd - 11n event that ma y occur instanta ne nusly ill the re al world m ay act ually
ruke IUlli rs 1.0 mim ic in IIsimulated e uvimnment. Th c delays m ay be d ue to a n ex-
1 ' ( '(~d ill~ly la rg(' number orentitiCli being slmulat odor due to the complex interact ions
that. occur between the entit ies within tile system being simu lated. Co nseque n tly,
t h {$l~ simulatorsare f(~tcicterl l1Y limi t ed hard warepla t forms wh ich ca n not meet tile
comp u tational demands of the sinmlato r , HOM' n ·r. l\.'lIllnn' \MI\\1.·rful pia l rurms 11 1\1\
improved sirnulation tcchnlques I)('("(lllll' nvailabh-, Lhi"!I'mhll,n is I M'nlllli ll~ 11'!>.'i Ilr a
One oCtile WAYS of comhating till' aroTCIlK'ul io lll'll n ll ll JlII'l ily is tn iul,r u th",' s i m-
plifying assumptions o r 1K'llrioili('lI intrr t.he silll ll llltl1f e llll;in'·. \\ 'h il " this lc"imi, tllt,
can d ramatica lly reduce t ill' simuladou t.ilUf', it IIllly 1I1s.1 /{iI, ' it s 1lS!'r:; 11 fillS!' St'IISC'
of sec u ri ty reg a rdin g thr. arcurm-y nf tb.l sillllLla l.iulI «'S lIl ls. I:llr I'X;IIII(lI." 11l1lS;. lt'f
a circu it simula tor which makes till' sitll plifyiulI; l\~Il 111 Ilt. inll tha t. a \'Ilm' ll ~ . passin/{
throug h onew ir e!dues not IlIlve!f l'id ,v nffoct current lIulI'illl( ill ni l IHUnl'l'lIl. wire. Silt'll
nnussumptlon runyind eed reduce the ti me M'<lllil'f'C l fur 1.111' circuit sillluln t.or In AI'Il-
crate r CS\lIL'l, H ce evc r , if the Il SI~r places two wi n s uf a l 'in'lIi t. t~)O d o s<' I.HII,I'I,llI' r
during the design , the circuit, when fa ll rirlll.t!t:1 III l1y fail t il 'J[le' flll~ ' m m ,, ' lly ,h,,, I...
olectromageeric Interference bctwrentl u- twn \\'irl'l'l, Ew-n th(lu~h l.lw liirllu lll t illll !ll 1I.\'
hint! shown no a nomalies in II. dcsjgn, t he cin:lIi t limy l<itll haw IImvs.
Another me a ns of dealing with the colll\mta tiullRI(:tlllllllt'xity ill t.. l ' II1 I I~ )Y lIw
hierarchicalapProll.dl to drsigll and simu la tionso ;L'; tn 1~'T1l1il till' ( I(o:;i~rll' r t l l uj),'ra t l'
at a higher leve l of design. Howe ver, t h is tcd micauc IIIlIy ill t"" II!l'I' iL'l II\Vll Ilml,lc'llls
as ""el l. By op erating at too h igb all ahsl mctioll II'vd, the I I('si /{l ll ~r lIlay 1.t'1I1 \ til
oversi m p lify o r even om it some of tire lo wer level cHllil:i "f tIll: l'iystl~lU. If tilt· II'vI' 1
of nbs r ractlon is too high, them it may he: illlpos.>;ihlc, t u ueundly IJilild I,l l c ~ IIt:Vil·f·
physlca llyuuc to the luck oh llUiciclltly dctni l,~ l ill forllla1.iu ll wit !l11l t.11C: clr.~; ;~ IJ . Ac:1,ua l
eoust r u c tlou of ti m sys t.e m will n ut. Ile a b lu til nc (:ur uutil 1.111'Ilst:r pruvidc:s low l l ~ vd
informa t ion con cerning the system's suhcomponuntx , Wit h nos!'I..:!. Iu dn:uir. ,1c 'Si~/l
and fabri cation , workif; c urren t ly ongoing inthn field " f .Ililimll mUIllill,r." [1111 wl, idl
all ~ lIbl,! "" 1:1' 111\'1'1'1.hiWl level I I~iWL'" 0; cin:ui ts nud translate t hem accn mtely and
l'frid l'nll y illtll I"w 11·..,,1 .""i Jl; lIs suilah lC'fur Iah rication.
1.2 Class ificat ion of Simulat ion Systems
1"'fIflillJ:UJlOIl Ihl' Ih'J;m! IIr rundonmess ll~:illlf'd wit h the lehavicnr of t he system
ill its simlila tl'(l ruvimmneru. FOf exam ple, oons il!l'r IIsimulated system consisting or
n Sf'r ips (If ha nk l dh'~ who must pmvide tmus nction Sl'Tvil;ffi to incoming customers.
'I'he II'lIJ:th of tiull' ruquir«! for a teller til Ill"OI:I!liS II custnmor's unnsac tiou 1~ll ll l l(lt
uhulou s.vsll'lII Illilst i ll~ ru( hwl' random behaviour to simulate the durat ion of each
LfmlSlwlinu. Dllrin~ ti ll' analysis of a rea l world 1"1nking system it may be discove red
111:l.t t hl' titlll! "" Iuin'll flJf a rrausacuon occurs O'o"Cf SOIlICwell known probllhili t,·
d~"'_ril"llilln . HI'fII'I' th l' duratioll ofeach transaction may IX!genera ted from this d is-
t ribu t ion" A si mi!:lf sl l'llll'&)'ruay hr adopted for Ihr ra te at which cus to mers enter
~ hank . Thmll~h iiII' illtrorluction of th is raudomncsr.... tbe results of II stmnlanou
IIUl.\· 1U" ...r IK' lhl' lllUll' n~ R !'Tf'\;OUS si mulation. A sys tere, such as t his OIlC, lhill
n'lic'S ht'll\'i1y llJMln random !J"'ul\'iour is referred to Il'ia stochll8tic system 123). T he
n'S Il Il,~ J.,'f'I1l'r n t.NI frolllll sllK:hll~l i(~ syst e m nrc ty picnllyanalyzed sta tlstica lly inorder
111 ma k.. tundusil1l1s tt'gardillg t11(' behavi our of t ile system.
CCIl I\'I'l'l:t ~I~" a ddr~"fIIi ui.~l if; eimulation systmll illt:orll0l"lllrs absolutely 110 rnndom
la-huvionr whats oever. As such, the simulation l<'liultll for Rgiven set of iUIJllUlwill
a lll"H)'S III'klonrlrnl, Simulations invo lv ing circu it behaviour are examples of deter -
millist.ic svstom ». SUPIJlyillf( h i~h ~ if(lI als to bnt h inputs ofu :!-i llll lli S.·\ S I) ~ll t . ,
will always pro du«. a low sij!;ll al Oil IIU' ~1\t l"~ uiu.put , n'j.!;nl"( lll '~s ur wlu-n- ti ll' ~alt'
is loca ted ill r ho dtC l1 i t.'~ d l'Si~ 1l I lil 'rarehy Ill' wlu-n Iiu- iuputx lin ' 1'1'l"l'i vl' d I,y IILl'
gate, I n till' context of circuit simuhninn . dl'h'r lll i lli~lk si m ulat ion Is lI~I'd til w ril\ '
tha t a p nl'th:lI ln r circui t design is lIl'having ; l ,~ ('x lll'd('d WIt"11 t ill' elu-nlt. is sup-
plied with a giv en sr t, o f inp uts , the circuu IJro d lll'l'S 11ll' I' XI'I' ('ll'd 111I'll Is all lll'
correct. t ime. A lt.hough this repor t will Foc-us prlmnrilyupon dou-rtuluist ir s i lllil ial iu ll
system s, stochastic systems ra n als ohe s i ll1nlall '<l wlth IHO I!I 'SL llllld ilil'ati o lls III t h ,'
implnmcutnticn.
1.3 Simu lation Models
Dur ing the dCllig ll lllltl i mp lcmeutntinn o f a slmulut.or, \'u ti" l1 ~ 1,1'1'llll i'l liC'S n u t! Nt.l'lIl,I'-
gil'Smay he udoptc dto m odel t hl! IJl'hav in llr of a V;i\'l' lI sysl.t'llI , D"pl'ud ill!!. .11'1111UIl'
syst em t o be slmulrned, S01((11 tf'dlll i(!lll's mny Ill' more fnVlJlll'HIJ It, Ihall ot.lll'l"s. H U' I.I II" I'i
includ ing the le ve l olubs trnction nne] thuc!t'sin"II\I:(!IIrIW,Va llll SIlC'I'l lllf Ull' Si llllll!lI.iIJll
should h e taken int o cons tderntion when ( lc'Si glliu~ 11m sillllllnllll' ('Tl!;illl', 'Frudulun-
ally, simu lators arc dt'li igJl(~ lllsi llg nitln-r (;rlll ljll1w ll,~ Ill' dj,W! n:tl~- r ~1It:JlI [1'('l lIl i(!lIf'S1.0
simulate a given system ,
1.3.1 Continuous Simu lat ion
C ont inuous sim u lators {<II urn (:har lll:teri z('(1 by t h l' I ~X I.I'Il Ni VI ~ 1IS1~ uf u lll r.l ll~lIIu l ir :: d
formula e which describe how a si lt lll la t ,l~d (:tI1l1I'OllC'lll. n~Jlllnds WIIC!1l sll llj l !('\.!~ ' !.o
various condluons. For exnmple, consider H circun rh ~SI: r i 1J I '(J at ti ll! tnill siSl.flJ'. r1OSiN-
tor andf:a pad l.fJr Il~vd. '1'111' behuvlnnr of a llthrso compnnents are wellunderstood
1:lJuUnllOlls siHlula l llr 1I'IIIIId apply thoseequntinus i ll tlmcont ext of 1I1e CHIi IPOIU!lltS'
I'llvirlU1IJIf'lIt and l:lu l lll ~ :r , i vit)' and produr-e a t1Jt1ti 11l101lS gra ph whleh at1:lIra t ely re-
1I1'f:lJi ho w Ull~ l :o Irl I M I I Il~ll ts wllulil rI'ad if they were uctnally hooked Il l' ill renlit.\'.
'T ill' I:rap l l.~ usually rd JI'(:I, thl' l:I Jll IlW~ ill t hl' stat e of the s.y:;Lmll with respect to
"i llll!; however, l,1IH:r n'la t ionshills ilia}' also IJI'l!1'11l011slrar,('d liS well. Uniort.uuntely,
ti ll' nmt.hr-tuatk-a] 11ltla1.iolls f'I1I]1lny l'd by 111 ~llli t i llil Ol I S simulatorrun make t he shu-
11J;II,iuli Vl:ry cm Jl l lUlJlti lll u l lly intensive,cspocially i ll Ihe ])J"(!Sl'lI('C of thonsnnds Ilf
il l tl 'rr : l ll l l lc 'I ~ J c'd dl'll ll'nts, As SIIl'h, crnuinuous simula tors Illay 1)('slowmill arc COIlSl!-
quently l m l}' us eful IVIIl' II simnhuiug1\ mlatively smnllnurubnr of components which
1111' dl~l:r i I H1 1 Ilt II InwI c ~ vl' l ll r nbsf.ractkm.
I\S a ll I'Xa11l 1)1(, fir m ntillUll\lS simulatio n. conside r IIdepletion 1II0dl' transistor
ad.i ll~ liS" pull li p (or a (~lI l mci t i\'(~ ll~l( l [I i']. The sdwl1l1ttil: for such a dovieeis
pn 'St,Jltl'd i ll Flguro l.l. TII(! tmusieut behaviourof the system is governed by tile
l 'q llat~Jll 1; .. Vj)[) {l - r - I/ (IIC,.)),
Fi~ 1l1'l' 1.1: I)I!pll ' t.illll Mode Trnusism r Pulling Up C apacitive LOIIII
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produ ct"IllI" gra ph ~i \"f'n I~' Fir:urr 1.2.
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1.3.2 Discrete-Event Simu lat ion
Discre te-event simulation131]is IL>;('( l ln silliUla l l' m Wl' l lI ll' lIls Wllid l lI11rJIl;,II., " I"' nl ll'
I\t a hi gh er level o('lhslrndin ll limn el l lll jlnul 'u b . si lllu l ll tA . I I ~· t".mlirullllIS SiUlU!;, I . ,n<.
I\'h ich causes t he SystCllllo dum"n, its sllltr ill SIIIIlI' WII)', Fllr " )(illII l ,It' , ;, 111 '\\' 0' \'1'111
ls created WI U'U C\'l' f 1\ simula ti on ('lJlIIIKllll'/:l w ' w 'mlA 'S 11111 pili.. /\ sun "'ss iUIi uf till'S!'
events provide all c lk'dh~~ c1Yllllmit: Illlll ld llf t l l(~ sys lt' I11 IIl'iul!: Silll1l11t,I..I. W lml SI'I';I-
rilles dise r uto-o vent simnlatioufrom (~lJ lJ li mlolls si mula tiou is till ' f:ll' t tlml tl ll' l' \ '/' lIls
in n discrete....e vent Si lll ll rn l,nr rnu otl :u r lIur .\' du riug II t l i.~I,ilJl't 1I11il of tinn- .turi ll).:
the si mulati o n - CVI! lltS lin ' lJOI, pl!rJllitl ed tn fJlTur ill Iwl w' '' '11 !iUI!' unit s . Ilisrn-l r'
event simulation is K( ~ nl!rnlly IllOW popnlnr tha n l'fllltili UlItlS silllll iatioll 1""'fIlISl' i t is
"
Fi~nrr 1.3: SilJlplr Dil(it.ll U l$lif Cirt'llil
, ~(),
0,
I,
Ims a ,lc·Ja,\' uf mu' tilll" Huit t t ill' ahfl\'t' lu~k rirenit willl ln Mlnn · tlLc outputs W\'(!ll ill
CUlI\1'lItiUl1i1l1)', l\ Clllill st ruetn n- known ill' a globnl evcrll. queue is use dto proc'l-"iS
mKI IJ I;II Ii1~" IIll' " \" ' 11." ami W lll·ti\<lU· IUIIlIKJllr I1 IS a.. required dllring the silllulat itKl.
This " 'IMlrl \\'i11lklllllllst rnll' au il' lprml'l l'rcillliljlll' for event manage mem ill whid l
illll,1('lIll' II' HliIl1l( If SUi'l l II queuing sys'l' llI is discns!wd ill dl't.1lil la ler ill th is report.
Mmll.f' Cr171f1 shnulntion is rclan-d tc discrr-tc-event simulation. Mente Carln shu-
uln lo f"!;u.~ 1l1l 1I ,\' ll1l1kf' " x l t' lIsi \'r 111'(' flf rando m number gClwmlOf"!; i ll order to si mulate
tll,' tll's ;!"!'(1 s,\..~I,t' lII , U ll li kt~ tlist~W lc'-t!\'l.'ll t simulators, which ar c often used to model
IF" r th,- Illltl' l lIlf' " f t hl~ " 'UIIIlI,II', it il; m;'llllul~ 1 Llu,t I,rior 10 the ~illmillt iun , IK>l.h K'llt'll un-
~rll''f~ l i ll~ iml"" 'r111i llnll' nlltl'1I1s, Th,"!I' ilKll11'fllliwlll' ull t lJllt~ nn ' " 1Jr<'lll'lt"tl ill th,>'llagTlIIIl by
Ih,' hori>'l>l11nl d; ~,IK'Il l i rK 'lI ,
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Fi/.!;UH' 1..1: Graph RI' Pfl'S(' t11i Il~ Disnl' ll' Ilc' lmvillllt
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· . . . . . .
terns ill whidr probability and nondoterminlsm plays a mnjur m il', ;\ s such, MUlll '
Car lo slmnlutors are commonly nsed 1,0 1I10d l'1 sl,(l dlils l.il~ SySI,I'IIlS. T lll' l'l'Ia l.iulishil'
between the \ , h tl~, ty pes of simulations is Ilispla,Yl'11 in Flp;nn' l .rl.
Hierarchical simulation, ulthnugh lin!. a simulatjull tY IIl! hy il.l'iIM, nmy Ill' llSI~l in
conjunction with eont lnuous or diSl~ n!l.l! I!VI'Usillllllnl,urs 1. 1I ,~ i lll p r i f'y 1 111 ~ .~ i ll ll ll lltio ll l>l"l'-
CI~'i.'i. Hierarchic al sim ulat ion is 11 pr()(~I~~S wheruhy hiv,IIN nnlor 1~lJlJIPlJIIC'll t:-; df'II'J.\Il11'
behaviournl wSI'0Il,'iibiti ty 1.(1 its tOlll!,osil,f'SIlIWlllllIHHlI' III,S. '1'1 11 ' Iliv,III'1" lr-w-l1~, mrjlIJ'
uents nrc rcsllolIsihl(! [or activa t illl{thelr f('Sjll'divl' child I ~OJrl r II JllI' lIl s ill II IIll !lIll iup;fll l
scquc uec so as to model the correct behuvinur of th l! sysuuu. As 1lI1'lItiUlll'd l'a rlil' l",
h i l~ fll l'ch i cal design and silll ulation is 0 111' or till ! l.i'dlllitj1J('S IIst'il Itl I~ClJlI~ wlth UII'
complexity ussocinted with a v;i\'cm systetn. Luter eh'l]JI.f'l's will dl' IIU JlI~ I, ratl~ how tlll'
1.4 Abstracti on Levels for Cir cuit Simulat ion
This report l\'iIIl l,'!'(~ rihf' till' design and implclIll'lItl\t ioll of It d igital ci rcuit simulator.
CtollSt'l.IIII·lltl,\', th is std iUII willoutli ne some of rho aspects related to t he stmuteuon
of cin-ni ts, ind llllillJ;: t ill' dilfetl'lli. le\'l'ls at which circuit simulators may operate.
Cirt'ni t sillluintiull provklcs 1\ IIICIUlS of mode lling It circ uit's response to a given
Sl't of inpnts. T he simulutcr umy generate IJ1I111her.srepresenting the voltuge, present
ru spPI' ilk lIud,'s \If LIn' t·i n~ lI i t. li t cc rtaln ti mes or it 11m)' geucrnte wnvclcrm d ingrullls
tlmt show till' d rl'uil.'ll output (I\'(,Tthe duration uf the simulation. What is nctunlly
produced as a result of the simu latio n is ImW'ly clt'I11'IIt!('nt upou tlu- a ll:-;l nu-t inn h'wl
at which the circuit was deseribcd uud snh~('q 1\l 'lIl1,v si l1LUla l (~1. For (·xalll pl.'. ximulnt-
lug IIcircuit. ,1'':'('fillel! in Icrue, or trunsisto rs 01 11(1('np;1t'iwrs will convent iUlIall ,\' show
how these components illtl'rnd at. III,' clr'rt rh-nl Ill"mmlng 1" \"'1, wlll'rc'as shuulutiuga
circuit doscrl bod ill terms uf ga tes , !IiP-lIoll:;and n'giskr:t willl!PnwllSl r ;\1t' li lt' ,li /!;ilal
interactio n amongs t the ('Olll]JOIU'lIls,
Cireults may hI' des erlbed uud shuulntcd at s('\'I'nd 1" \'I'ls o f ahsl rm'l i" u I:!:,I. Th is
socuon will des crib e tIm' !' maj or ahst. radioll Ic'\'c'ls, ."1I'h of whir-h om' rc·la l.'d In lh,'
shuulat.io u models described above. Th('SI ~ levels are dl'SI'l'i lll'll 1)1'101\' ill 'll',It'I' of
lncrcnsing abs traeuoulcvct.
1.4.1 Circuit-leve l Simulators
Circuit- level simulators {'M} nre used tn mUld tl ll' \ ll'lla\'io lll"uf n eln-nlt a l ils 10\\'l's l
conceptuallevel. Th e circuit is deserlbed ill terms of Iruusi stors , wire'll, , 'a p:ll'ilm s ;lIl d
resistors and their teslledive lntercouneetlviw. Cireuit-lewl slmulutors mnulpulun-
extensive deta il rega rd ing t he lnteructlon of a ll t l lf~ eompunents ill t,h l~ I'ire:llit. ;l11, 11I1S!1
take iut c considern tion suh llet ic'H such ItS win ' resistunec aud l-;1~ ) I J II' I. r i l: 11I'UI'. 'lti ('s of
the sub components. T he end goal drc :llit. l(!vd xhuulutlou is I,u I' fl llJll n' VI 'I',V d(·1.aill'd
an alog wnvcforllls which nccu rutely mudd l.l l(~ lx-hnviour uf un- t:i n : lIit , ' ,~ .I .'vk(' ,~ i ll
t h e real world, COIISI!(IUlmt.ly, eoutinuous slmulatlou 1.I'l:lmill lJ('S a rc' of!.I'1l IIS''l 1 10
imp lemen t circu it-level sim ula tors,
Cirenit- level shuulatlona an ' typically lu'r fllrllwc! in SPVNll l s!.aw':-;. DurinI', t ill'
first stage, referred to ,~'i tl(Jlk-e:r.lmd i lm, st llt.k ana lysis of t l l!~ d n:uit dl 'Sl~ r i Jlr, i IlJJ
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is pnrfurmed. From this analysis , information regnrdillg the circuit's devices, their
n!Sjlf'l:ti vP aUrilJlltl's lIlIll their I1 HHI~: Li v i l .y is olunlned. Th is iuformntion is subs u-
quenrly r:lIl1lhilll'd with modu li'S knownllS ,1r.llicI: 7II()(ld.~ tha t desc rlbo tho behaviour
of I'ad l ,11 'vin ' IIlr It muthematicnlkivel. IIIorder to model the eireuir's behaviour, the
siurulnlor 1tI1i "~l Limn suiVI'II liysll!lll of dilfrm!lltial linear eqnatlous which is d('riw:f!
frotrla H t. I H~ illforlllllt.ioll liUPplil!1I10 it during the node-extmctkm"hIlSI:.
A h.l IUll~11 this mdhod gl~ rU' ra[,r.s very accurate results, the technique is vcrv com-
pul,aUilually inwnsive. wsult.illg in poor simulation speed. As a result,circuit- level
simulation is Hsnall.vnut fl'ft"ihlp for large (1('SigHs mHIis therefore conuunnly lIM'1I to
sill mlll l~~ (lilly t.ln: nmst cr:t imllillhregiolls of a given circuit .
1.4.2 Logic-level Simu lat ors
Logi"-!r'vl'l simulators 1I1.t.NlIpt tu rf!lllclly tho mllllnrtati onllll), intcnslve nature fir
dreu it-II'\'l'1simulators hy raisillj:\UI(: level of abstraction to the domainof switches
uud 111j:\i l: I:IlIrt!lt!U'Ul,S. lnstcnd of lll a u ip li l a t ill~ couthmous, analog dat a, l o~ic- Ievd
simulators simply IU'() C ~( 'SS logic values; t.hat is, 0, J HUll X. In udrlltlon,logil:-lrvd situ-
ulntnrs t ruditfoually simplify 1.11I'simulatio n process hy assnrntng thut the counrcting
wires hnve rwgligihll' m"ist.lIl1ct! ,
Lugic' h'\'I'1xhnnhuorsCUll be subdivided into two further catogorles, swildt-lcvel
and !'tl l,!-I(,l!I~1 silll flilltrn'.~" III swltrh-levolsimulators, transis to rs a rc promoted to ole-
nu-ntary switches nmlvnry lill ie uucnuou isgiven to tire intric ncics ol other transisto r
a[lrihutl'l:. IJllrilig lire slmulntlon itself, equations governing the behaviour of the cir-
ruit are grt'lIt.1,r npproxlmate d, thereby illcwasillg the speed at which the simulator
opera tes. The d etail t hat is i ll('\'ilnbl~' 11):;1 llS II n-sull (If Ihis a l'p n );wh is IInl lIsll:llly
vital .
Gate-level stnmlators (91ClI'N nl l' lll ~'f't n hi~hl'r nllSlrm'li c'u Ic·\1'1. l..t>,," 1....·1·' I'in'ni l
devices such as t ransis tors , n lj);witoN lind n-si.'iturs an ' \"I'\llnt"t'tl with II~k j.:;ahosslld l
compo nents . Effrd ive 11s(~ (If I~il' gatt'S I",flilit rt·lati \1'I,\· hiv.h. lc·\"t'l. \tosi~ns III I... 1';I1\-
Ily desc ribedand subsequently sinurlat cd. BI ~ ';\ll sl' ti ll' C"lIlll pnm'nl,s an ' i l ll TI'as il1 ~ly
nbs trnct more complex systems lllll)" hi' (h'siglU'd mill si UIIL!at c, 1 .u I ii" Kalc' 1"\ ·1·1
rather thall at th e switd l It,VI'1. Tnulit.iunal p;nli,-I"\'I'l simulators un illll'\"IIII·nl.l'Il
using diserute-event silllu\atioll: as surh, thls n·pol"l. \\' i ll l'ri l1l n ri l~' fllc'us 1l1"'U drl'l lils
uC!lcrihcd et t he gnl.r level.
T here have 1J('('11 S(' \1'fIll SIlC(~"flllllu~'m!,ls tu 1I1I 'rKI'Nwik h· !I·V!·\ si llm1:II" n- willi
si llmlalors that operate a t the gate-leeol aud aIM )\·I~ , t llt·n·by allnwillK t l" , cl.osiKlwr II>
have the flexibi l ity and slK'l'f1of high-le vel sillmblttln-. I\'hill' i l t llll' Sl llll i ' tiun- \"I'l;lilliJIK
SOllie or the aceurary 1\.'i.'i()(:ial('l"1 wit h switdl-!t '\1'1 sillmlatllrs. Sud. silllullitun; a n'
commonly n 'fl'rn'f'1In 11." mu r.tl·"wtl.. silllu lalll"" (8J,
1.4.3 Fu nctional. and B ehav ioural-l ev el Simu lators
Funetlonal- and behnviournl-level th~wri"t illll J an j.\III1~I 'S 11 11I1si lll Ulll l.llI's [I I] rl'!'I'IOSI' lIl
the highest levels or SilllUIIl1.iclll uvailuhle to I:in :ll i l, fll'si l\ lIc ~l's. 'I'hl!s(' Il:w ls I'IIHI,ll '
dcslguc rs to modI!!clrcnl t s i ll ter ms ofi ul.c:nu:l,illj.\ah, t,l'lwt. 1l1l il,S 1.lllL t 11Ia,Ynol.I'VI'II Ill'
capable of fabr icat ion. As such , dnsi~llI' rs 1If(~ 11111.lirnitl'fl lJy t l ll ~ n'St r i(:I.I'f! 1J1,lmvilull'
17
of Innduumntul d n: uit I lt ~vi{:I'S. III IIlllilioll, thl'Sl' levels als o pro vide designers a
viahlt ! IIll'lUlS of qulrkly l!xpllJriug altematlvus without h l~C(J lIl il lg overwhelmed with
t lll~ impa ct that dcosill;lI 111 'I:isioIiSwouldhave Oil the nircutt a t lower levels.
FUlldiulIal· li!vel sirIlJJlat.or.s am ll;(!tH!rally d osr.l' to the actua l hardware rcpr cscn-
tut.inn th an hohavlour-levcl s imulators. All nllStrnt :t unlt in 11 funct ional-level sunu-
latioll would ll(~:t!pt. inpu t and produce output just tiki: nsen rr<-S]lmuliug hardware
compouent. However , utort' f11·xihilil.y is pr~rJll itl.('d with respect t o lnrw tIll! input. is
pnoslmwrl l.u the un it and how it i.s pmcosscd to produce ou tpu t . For example, an
aeldl'r ut. !.Ill' j{lll.('-Il:vl'l may t:o llsisl. of several half-adders which adds to numbers by
OPI!r.'lI. illg din 'c:tly on their hits , T he (!(I"ivIIII!nt fund.ional-lr.\'d unit, \\'Illlli1 si mply
I,ake two inl,I'g/'n; HlIII add them llsillg uruhmcuc cons t ructs nvnllnble in th e hardware
Bdiaviu llra l-h' vel simu lators go one level hlghnr a nd JlI!rlllit designers to model
ahsl ,rat:t 1:II(1 trol procrssiug which lila)' not he l'l!alil.ah1c!ill hardware. TIll! purpose
ll f tlll'sr xitnnlaturs is !u givo rhe designer It gencml overv iew of t he des ign an d 1.0
{':qll' rillU'lll,with high-level aucrnauvcs. T he usefulness of design tools and simulators
I.hal. operuto at thls level has hl'f't1 tho sub jrd or debate du o to the ditfkllity in
t.ralislatill)..!; sIWh high II'\'{,I designs iuto com pnc t, high-performance ci rcuits , However ,
advances in sllieoneompilntion have mnde t he t ranslation process eas ier and 1II0rc
l'ltid mll. III addition, hi)..!;h level simu lators nrc stilluseful for rapid prototyping, even
ir (,III' Ih!si/-;II is nut. actually physleally fabr icat ed. Rapi d pro totyping 1\110\1'designers
III slud .\· 1-111' fl'asihili l,\' of a hlgh level d esign befo re ac tually dr.lvi ug int.o the tedio us,
10w-lr'\'I'1 detnilssueh ns plucomontlind routing.
Om' nf 1,1ll' lJIlJ1'(' popular langua ges lor descrthiug, simulating and eve ntually syn-
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thrsiaing circui ts nt tlu- fnuclimml l\1It11"'!mvinura lll'wl is \ '1I0!. ItiJlI}.
1.5 T he Purpose of t h is R ep or t
Th e simul ation l'1I1;i11(' pn 'l'l'IlII, 1 ill Ihis n 'l" 1I'1 pn wi ,lc'l' I'Xll 'us ih l,' ~ lIllpllrl [,' r a ni-
riet)' of circuits ca di of which Ill I\Y he t!c':'orrih,,1 nt tmr' 'f' '111 1t·1..t' I,~ uf lll~t nw l jU lI ,
Th e class st ruc t ure is part icularly a1l11'lmhl,' I llwlln l~ Ih,' ~I',, 'i l iea t io ll "r hh.:.h-I,'wl
Iunctionul blocks thu t m il h i' r llsi ly c!t'StTilJl ,1 ill (: 'H lilt , 111 1':'1111-1" u,<;(,1 IlS 1111'
basis for hardwar e simulation hy 1,lw i lll ph ~ lII('t1t n t io ll , h,:olt ' rj l ll 'd lu-n-iu. ..\ IIst'l'-dl'lilWtl
libra ry conslstiug of Ili,;h. und low-level W llI pU lI('Il I,1i euu hI' (lP:;i~ Il('( lll litl illll'':'1'I1 11'r\
easily with the ec re libra ry ('OIllIlCltll' uls , Sube-quout t'ilHplc'rs dist'liSIi ull aIi IH~ 'h; "r
the simu lato r in detuil. T lLt'Sl! tl l,t ail s i ll d udt· illll'l t'm t'III11l i,, " C ~)l It'I 'ruS with n '!'i Jlt ~ '1
to t he grephlcal user illlt 'rfiln ', t he Silililh\tnr ''lIJ:;ill' "un ' as well ali t hl' IIIl'i1l1S 11)'
whic h these two maj or IDIllIXlIU' lll'i l:l l llllllll i l ic'att · wit h l il l i' llllt.IIIl'r ,
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Chapter 2
The Simulator User Interface
'1'111' illllli'.i\'('lU'S.'; nne] rnhnsluc'ss of llw usc', int.crfm:c· llSl~ 1 b.... 11 softwan' upplh ntuur
run slrnll~ l.v ill t h l" I Il~' t.ILI' prndlld h·it.... of ti ll' p -oplouslug thaI upplk-atiou. This
!'I llIpll " rUf liS/OS(Ill 11K',\(s il:;l1and lllM'mtiClIluf a h'fllpllit"1l1user imnrfao- for II digitnl
Silllllh,Wr 1'IlJ,:;illl·. f)r·l.Itils with n'SI>f't~t 10 1111' dlt N '1J 1,l;ltfofl u a mi imp !cllIc'Ulllt ioll
hlllJ.:.mlJ;f' willnl<;(1hc·,l isrll.....eeel nil'! jllsl ill,,1. IUltdditiull, soun-luuita tions ol thc Gt.:I
willi II" ChOSl,; Ill'd :11111 JllJll'lILial ~ll lli iotls lo IIM'!'Cm;trirt ions will I~ 1)fl'S('IIII'd .
2.1 Mot ivation
'1'1u- f lln' uf 111- ,liS(' t!'t''' '>\'c'JlLSllllllllllnr engine tlN;(:ribt-c1in this pap er WIlS previomd)'
IllSi,LI lll'llalld illll,l"llll'lIt1'( l lIs pari of all Honours projeet. Despite the {'lIJlllbiliticsor
till' shuulat or cngim-, HIl' tmplemcntuuon was lhulted fnll ll a ll end user pers pective.
(111l' ur Ill" b iggc~ t 1 1I"(lhl(, 1lI ~ or Ihe' huplomomntiou \\'Il ~ the 1IS1'r i ll l('rrac'(~ - nr rstber ,
ti l\' lark l hl'TI'Ilf. In onler hll ll 'SC.~ril)(' il (~lL l ll i t, till' llSl~r 11IIcI to define tile entire circuit
lIS \\'1.'11liS 1111' ill\llll :li f.\lIn l~ ill n C+'" soun-e 1lI(l1lu!I', Thecircuit description, inputs
a nd silllllia lo . engine itsrlf then had lu lx' nl lllllil.'li. lillkl'll :11.. 1 " " I'l'ult 'l l ill or rh-r
to dct t'tllliu t' tho 0lltp ll'" from thl' r-ircuit., T Ilt' ull t p1l1 fw mtl u' Silll11lal ut l·u lIsl.'1h ..1
of tlme llt a lll lJ~' and s iftna l values whkh wl're ' l lisl'l,I~,'t IIl'Xl n;\II ~' rnt lwr thnu ):,nll'hi -
eally, Cons('q lll'lItl ,Y, w ri tiratiou of th l' !M'!mvinllr .. f Ih ,' !'i n 'lIil WitS un t'n . lillil-1I1tmu l
tedlc us. In addi t ion, IUI~' t1lHlIgl'S III Ihl' <'ire'uil dl '1\lTipli u ll Ilf illl' ll i :.ip;n<ls, r' '):,<lnl-
less of how small, rrqutred m(M l itit~a tion mil l suhst'( llIl'lIl. n 't'llIIp ila l.itlll .. f Ih.' snlln~
code. Nf'('tll<'SS to Sil.\', th is 11't:llIli,l' u' fur rtn-un s pt'dlkal illn nml SilUU111liou S!'r;llIls ly
comp rom is edh, ',h t.he cvnluurionund ]mw lkulil) ' uf 1hI' simulutur t'll),),illt' it-e-H.
111order to gr t, a rou nd t.lll'St' )lm bll'lll s, 11~rap li knl llsl'r illlt'l'flll't, [I !}l (01' ClUJ) ,
culled DigiTd , WIIS IIl'sig uI'l11l1ll1implementerl fu r I,lll' Sllll lllrtlnr "lll!;in,', '1'111' 1"'llt'lil"
orsuchan int. 'rfllce lire muhifold. F irsl.!y, .hlC'l.u l llt' ~rap ll il'a l Tt'pn'SI-l1lJ1l iutl .. fSll fl!
1111in ter face , furth er i n \'<'S t i ~n tioll int o t h.~ fl'HsilJilit)" prlldin,li t,\' a lld .UTltr.u',\· "f t ill'
s im ula to r en gilll' 1}('('OIll I'S l" ISII'r. I lls t l" \l 1 uf \,'ri ~v i n~ t hl' 11'lia llilit.\, uf tilt ' s in mllll " r
11)' exa m ining st f l' all L'I of tl~lt lual output . w1\wfut ms ruu II(' ~I ' III-mt l, 1 a llil sl u<lil , l .
Secondly. if t he CUI is 11.'Si~lIl , 1 a llIl illlplt,ItlI'lIlt 'll " lrn 'l' lI,\', it. m il 1M' uSI't1 liS tilt,
front end for a 1I1111titude IICeirrult s;lIlllla lu nI, T his fl 'n tll l1' wllllld lII i1kt, it siw lif.
ka ntly easier to comparu ll w \", rfo rti llmt'· HIIII "a llahi lil il'S tiCa " It il'l)' IIf c1ilfl'r<'11
sim ulator cngl nos . I II o rder tn impl ement this fl 'l l ltlrl' , llllmc' n1uplill~ 127111(-1\\"'11 11lf'
t ion of circu its I' lls i"r rur 1III\'il'(' r-nd1IS1'f'S, Ih'-ff'!Jy ltIllkilllJ;1111 ' siWlIla t,or 1 'J1~i lll ' 1J1l1I'f '
llc·ccs.'iihle 10 IW(lph~ who trlll~' 1101 Ill' Ianulinr with rl 'lal,ivd,Y (-,'iol ,l-ri, ' l'OlICI 'pt,S such
1\.'1scnree code rmnpiln t lon . All inllli l.i", - G UI WIlllfl rndlila ll' elmult s jll, :ilil,ltt i" j(
and design, lumcc inrr l!llsillg the aeaclt'lIlie lUlIl f~\'l'I1 lmlustriul app li':llliull:'; lIf t ill'
tiiu llila torclIginc.
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2.2 GUI P la t form and Implem ent atio n La ng uage
Uliforl.llWlldy, llw f:h{Jil:f ~ Hf II \'i ll hll ~ plil1form ami implemontatlon language for filly
war" plll tJUrl ll ll ll d illl ph ~IlWll tll ti o ll l 11 ll g lLlIgr~ for till! circuit editor GUJseveral criter ia,
such as msl., a vaila bility und lovel o f suppor t, were taken int o cousldnmtion. T he list
they do mpl'l'S('uLS(UIIC' of 1.1u~ 1Il1)n~ populnr opti ons nvnilablc.
2.2.1 GUI P latform
I,;IIII.\:[2!J] WilS d UISl!1l as the upe'rati ng s)'I\II'lI1/1lla l.fon li up on wh ich t he drcuu edi tor
wonhl Ill' dt'\'I·JOpl'lI. UWIX is a fm· I,\' distrihutuble c101J(! of the UNI.,\1 operating
s.vsl.c 'l!I whkh Ita.s lm' lI portc'!! to a vaTic!.)' of hardware architectur es . Tim oporati ug
sysl.c 'tr1olf"J1; s tahilit..r, open -tevnlcpmcnt,SOUI1:C code availahility and a variety of
suilahlf' s(lfI.war c! dl!vd oplllrnt. tools . Also, it run s on reln tively cheap hardware,
Other l 'xI'c'I1I'lI 1.UNIX-li kl~ (1!)l'l'IItillg syst (' llI ,~ , sin-has frecBSD and Nct.BSD, P()SsC~
similar qualiflcutinns and were nlsn potential candid ates, hut it Wits decided to go
with Li/JUxdill! to familinrily with thls system and accompanying distributions.
As a rrsnlt of this dreisiou, il was decided that the circuit editor CU I should
run on l.Ill' \\'il lllll\\' i ll~ xyxtt-m most pre valent 011 the UNIX platform, na mely , the X
Window Sys1.l' lll ~ [211, As lurk 1\1111lcl have it, XFr('('8G~ is a fr;1Cly nvniluble am l robust
port !If lhl: X Window Sysl,l'lII to PC ImSI!!1 UNIX s,\'stm ns , Despite the decisi on to
I liN/X L_i\ rt-p;isU'ml lm<l"lllnrk of X/Op( 'Jl COUlJIUl)', Ltd,
1X Wi",lu\\" Sysn-mis :I lrml,'ulnrk uf X Consortimn, Inc.
~X"h.\~6 isa lnl,k'lllilt1(uf TIll'XFrI. il6 Project, Inc.
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use UNIX and X for development, t il l' chosen lmplcnu-ntntto u 1;IIlj.i;mlJl;I' should [n-
port able, the reby allowing til(' GUI tn be used with utlu-r \l1H'rali l1~ s~'slc'ms SIIOIlI,1
the n('('d arlxo.
2.2 .2 Implementat ion Language
T he choke of lUI hnplnmontutiou lall~l1aAl' is somewhnt II'S." dC'lll' "II I . TIII' lIIllsl
obvious cont ende r would Ill' C [HI ill cnujnnr-fion wit h 1. 111 ' SJi/lli lwnr.\', 1I11\\'C' \'I'l",
it was deemed that this lihrnry \\'l\S tun low-h" 'c'l for Tal' ill app]il'al inll dC'\'l'lol'"11'uL
Anot her possibility was the use of C++ {28\ amI Llu- f'n~I'f ' vluss lllunty. Whi ll' it.
is hig her [nvol thn u XJib and shows ~I'f'ill. prom isl·. it still l'C' pl"l'SI' llls, nt. Iii" tinn- of
writing, a work i ll pro~ress ; bonco, its pol.t'lIl.inlllsahi lil.,\'and sl,abil i l,y is 'p u-Nl.iollahh'.
InterViews 115],t he forerunner of FrI',"I'fJ, was another ('llllSi,h'Tl'1! as nnut.ln-r pllssil,h'
optio n; however, sll)ll'nr t for this das." library lIlJJlI'Hrs 10 lim'l' 11l" '1l a],;IlHlnlll'fl in
favour of Fresco. Finally, a scriplilll-\ l a l1 ,pmw~ knownus Td /T k [:lI[IX[ WlIS ,'mllla !.l'll
nnd eventually chosen as the clt'liin'fl illlplc llu'lIl,a l,jo ll l a ll~U ll l!.l"
Tel (Tool CU1/lmtlllli LmllJ1IflfJ f ~ ) is it sim plt' seript.ill/!; lall l!.llall;C' tim!. is Ill' illl!. tI",
volopcd by Sun 1\'lkrusysl,e/lls~ which provit ll~~ ," lll'p lll'l fllf nlllll l lll i l jll"llj.\l"all l l llillj.\
concepts such as variahl l'li , CUIII,wl flow, IJ roC:I'c lllrc~ IIlIfI i'ltrilll!, l iial li l iitlal,illll. 'I 'd
snip!.s can be used either liS a sl.l\lll l·alom~ hlllll;lmlWor Uwy mny also In' l ' l lI bl ~dcl l 'fl ill
C code, thereby int erfacing with ('xis!.iul'; lihraril's and I f 'lVll ~Y cwl,' , 'l'k (' /imll,"il) is ;111
exte nsion or Tel which cnn he used for i lJlJlh~ l1l l 'IlHllll; I-Ifll lJhi l :lI II1St~r ill l,l'l'fw:l's fill' t hl'
as buttons, list boxcs, ClU1Vll."I!S uud sl:l'Ollhars) w hic: ll eun ln- Cllillil-\llmd a lld arrauW'f1
4SIII1Mil:rosystcmsislllrndell lilrk"rS llu:-'lkrosyS ll-lll,_ , I",-_
in II. f1f~i lllf~ manner to Imild II. robust GUI.
Adv3nt."1ges of Tcl /Tk
One flf 1I1l!prilllnr y lId vnll t.ag'~ IIf Td fTk i.~ th at till' source code is freely ava iluhle
IlII IIII' Inu-mrn from Sun MiM'OS)"!\WlOS. CoIl<;{'(}lIClltly, t1ICN! is no need to deal
witllthe .eoncmle burden nor Ih" administrative overheul of paying for t he package
inil.illlly alill pnyillg lignin for su llSl'(lIcnt llpg rndr.!!and hug fixes. The aut hor of the
Ilar:kage, .lulm01lSll~rlr n1l1 , has urlamantly s~lIted that I,he Ttl eoro lind Tk extension
will always he frl'd y uvnllnble. lu nddltlnu, neither Ikl'llsrs nor royalties arc required
when I lis~r i ll1l1. illll: uppllcuriousbuilt with the langu:go.
By 1lI l\k ill~ I hl~ SOllfl:e r-ode freely availabl e, two other advant ages ar ise. First,
t ll:\l fact th at Td /Tk is fr(!I' has undoubtedly contr ibuted to its wides pread IISC. The
T(~lrrk nmllllllllity is~tirnatl~ 1 to numbe r in the lellllof thousands, therefore prcvkl-
illll; tl... 11('\\' IISC'!' \Vith " Wl'1I l'l'ltahlishceI1l.'lCr-h..nse to fall hll.ck 011 for assist ance and
~l1 idallrr. Th is IL<;l'r-I»L'iC is ('.asily fI'./l.chcd via t he U5l'llr.l newsgroup eea p .Laeg , t el .
S.onMIII, fm~)' distrihuling rho source code Icad!i to open development of the package.
EmluSl'nI arc fn'Cto fixhugs and make suggestions and enhnncernents tc t he existing
Tel rom . '(1ICrxislrllCC' of a clea n, wel-documented functional interface to the int er-
lIltl llll'c·hani sl1\s (If TclullIkl'S it relati vely easy to extend Tello Include fentu res which
a re ('illll'r too sluw ur lint t1itld ly supported ill Tel, If the exte ns ions arc decmol
IIst'ful lll tho 'I'd rruumunity as n whole. then t.!ll'se extensions may be integrated lnto
nil'rore in till' next rl'll'IIs(' for the beuofit of all users.
Prognuuming l\ GU! ran he a very arduous nuddcrunndlug chore. Tcl/ T k helps
makr l.h(' tnsk 1'/lSil' r hy mising the 1""1'1of abstraction for the programmer, thereby
making t he imp lementat ion of nser lnte rfuccs I'asil'r IIl1d I lllk\~.l'T. Grnphil 'lll i llh'rfa l"C'S
written using TclfTk t~·pknll,· "'{lllin- siV;lIi lkalltly Il'SSt'l,,,lt, tha n all c't\lIim l"\ll iu,
tcrfacc written ill C . Tel is rdll t i\1'[y r il.'l)· to h-arn aru] prtl\"illt'S 1II" l<t nf illt' (1'l11n,,'S
one would expect (mill n genera l Imrpllst' I'nlV;riI11Llllill~ lall~w').\l" SinwTcl is ; \11
interpreted scripting lallgllllj1;e , there i.. no IIN'tl fnr 1lit' ,1"\'I'Inpl" In 11.lllll'i\t' I II" "Mll'.
Th is makes rapid !lro to lYilillg mort' (l'lISihll' with Tdfl'k.
TclfTk was origlnully implemented for l lll' X Wi llllll\\' Sph'lIl: as a n-sun. il
runs sunmlcssly 1I 11 c1(~ r 11 whle \'nril't.\"Ilf UN' X pla t.(urrus, i lld lll li ll~ U rn/.,\:, ..\ 1 t ill'
time of writin g, ports \\'(~W in \ll"\1l;rl 'i'lS t.tI o l lU'!" \lop uhl !" '1Il,'ml.iUl/:1'1)'1'111'11 11'1, 111I·I"I 'h.,·
onabltng nil app licat ion writtou lISill~ Td fTk t tl hi' rdll t.iI'f' I,\' 11Urlllllh·;11']"11:-;''' a '·ilri,·I)'
of di fferent architec tures nnd opl'mUIi/!;s.\,sl.f'llIs. T Ill' [mtr-utinl IlSf 'r-lmsl' Ilf 1'1111'11 a ll
application is, the refore, cillil~ lerg«
Di sad vant a ges or TclfTk
Despite th e numerous I\lh'nlltHh'T'S uf Tdrn. tl lf'rt, an' Ills" n fl'W Sl lllrll"1l lll i lL~" 'If
the language which must be hlb-n into eUllsidc'mtillll whenwriti\l~ Sol 'ripls, S"UII'
of these pro blems CAnI>r.u~rt'(l lIll' by ;ulnpli /lj( clist°i" liw't'l "n~mlllllli ll~ pr;lI"lkt'S,
while ot her.; may 1)1'eorreeu...1 hy 1':<11'll sifl ll PUl'IuI~t'S, IIllIII.\' of wllidl un- al~. fn...·I.\"
available. T his section ollll iuf'll mall}' of t hl' pu ll'l\lill lllmwhlwks Ilf Td fTk ill IIII'
context of the circu it I'ditor aUI im pll'lIIf'll1.a t io llo
Beca use Tel s(:ripts nrc int,f'fl' f(·I.('d iIlSI,I'UlI "r I'orupill'd , I'XI't: ll li " n of rllt· ~:r i l' ls
willobviously be slower tlmn a n t!q nivall!lll. C nr C t I iIl1Illt·lIll'lll.alitm. 1II '\\" ' I'I'f , ml
t he Implementation or t hl~ circui t {'(litor pl1.lj(I1.'!i.<;l ...I, it was t!isc"1 l\'t·n...l thl'n· IIWt· /lilly
two situat ions ill which spl'('t'l pIH}' 't'1 il mnjur flll:lnr UII ~ I'xl.rm:l.itl/l l,f 1I" l lisL, 111111
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mOVI'IJIt'n t of tnnlt.iple circuit dl ~ rrH ~ llts, To alleviate the former problem, 1\ feat ure
k/ HJII'II as rl!jllII7IIi,: 1Idfi~l idf :'llijir:fllifm WIlS lmplenrcuted find is discussed ill Sec-
t itJII 'l.rl.L Tlil ~ s l oww~s rr!su)liIlJtfrom 1.111' tauer problem roukl have beencorrected
b.vlliUVillJt nnly a n'(:IIIIIA"lIlar unt lill(: r ' lId{Js i ll~ 11lf' clroult clements beillg IIm\'(!!I, hut
1.Ilis f"al,ur(! was not. yr'l inrplememcdurthe ti lll!~ of wr iting, Of cuurse, theoption to
rewriu- these Sill1\'O!)l'rlIt.iOl1Sill C and hulkl II newTel interpruter is alwl\~'s possible
shulllelllll ~ fl(~ ~ I a rise',
"\ II)I,h"r llUc,enli a l prnhlom hils 1,0 do with IIII.'fact. that thc sinmlator cngino \\ '1\S
nln-ady wrinen ill ett and 1101, Tel. B~' adcptiug Td/Tk <IS the language for the
nUl , 11'1' llltlsl 1'Slalllish .'irJliw means oreonuuuuteatlon lJl't\\'f'r'l1ll ll~ two dim~n!llt lm-
pll'lIll't1l.11C.iOIl lall~llagl '1i so I,hat the GUl ('It11 iufnrtn the simulator what circuit to
Silllllllll.l' 111111 , Ii(~ liirllllliL l,ur rnuld report flu! shnulauon n~ll l ts hack to tho CUI for
!1l"l 'l;('II!.aC,io ll hi t,lll! 1'11 rlllsr~r . Ah holl~h there an! ways oi embndding TcI/T k within
It (:1- 1 HPlllir: llilJll. t he r1 l'dsiOll WIS made to kel'[J t ill' GUI nnd tbu slmulatcr 1II0d-
ull'S r1isrind Irum 011(' nnntlmr atnl iusund 1,0 link the m lo).(et her vin II bidirectional
pip('. CUlll lllllllir'H!iOIl between \.Ill' two modules would then t uke place using it well
ddi nl'll protoml. III uddltion 10solvillg the inter-module conuuunlrution problem,
Ihis pll,l'sil'll l s('para l ion of abstractions encourages (Indeed, en forces) loose coupling
1 l('1'\' I ~' 11 tlll' CUI nud tile simulator cngiuo, t hereby rcsnlrlng ill Il more f1m.:ihle ami
1lI'c,IHlj!;()I lill implnncntauon. The deta ils of this protOCO\IIJ'(! described ill Chapter 5,
Um-Hf t he more serious s!lurlfOllIiugsof Tcl /Tk is thelack of a rich set of datil
,~I [i /l~ IJlll' i~' also ll s(~l l0 providesuppon, for integers an d floating point numbers and
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for lists 11S well. The l-ick of ag-p;rl'p,att ' da ta s ln ll'lu rt':l im·t('llS\'S 1111' " ' 'I'd for p;llIhal
m rfnble, 11S a lllcans o f illlt'l'-pto t'l'dllral ami lnn-r-suoduh- cuuutunlratinu ill SI II I:1-
tlons where proccdurnl pnnuuoters nre !luI possibh-. This prub ll'lIl is \'OIlLPlIllILI[.'I1
by the lack of nnurcspuces which rnn lit'riOllsl~' (~1l111pro tll isl ' lm l'lf l't'!.in ' uunlulnr III'·
sign, All II result , T el scripta du not sl'lIl I' VI' l'y \\1,11, IIUII'"I't'T, t lu-u- an' 1l1 '1',' ml
possible wo rkarounds to these Inherent. pl'llhll'llls. I II '11'(Il'I' I ll f llll ll ll'll sal , ' ril l' till' lack
of !HUlIl 'Spaces, II [Jfe fi xillJ!, sd H'IIW W1IS dl'\'isl't l fm lIrtn'"dllft'S ;1\111 I!,I1Ihal m riab h's
which 11'011111 reduce tho potcnt ial for dlls llt's betwrs-n varia bll' alll l lll'(\('l'tllll'l' llallll'S
ucross different nnxluies . Also, saworal extension patknp;I'S [or 'I'd ('xist. whk li IIlf,'1'
bet ter support. for dar.aahst,flld ioll UTIlI , 'tI IHlIll: (' d S('Opi llP;, Ah,I'rWIU\, ' I,\'. llr~lll'i UIIIlS
involving a rich set of tl al,1ts t.l'l1l:lltr"s m ull! hi' WriUI!1l ill C IIIltI linkl'tl with thl' 'I'd
core libra ry.
As mentioned eurtlcr, ~1' \'I' ral frt'I'I)' nvnllnble l'xll'IlSiollS tu T d /Tk ('xist. whis-h
help tu overcome man y of the a I 1( 1V{~ prnbll'llls. ll owl!vl\r , Ill!' ,!t'l' isitlll WIlS l1Iwh' Hul
to lISC them due to th e relative \·olal.ility of Td/Tk II Hl'i l1~ t.11I' 1l1l11h'llll'nt,al,itlll of
the circuit ed ito r GUI. During th is tilll l\ Tk was 1lI Idt'rw) i ll~ a urajur rI~ \'i s i Htl Fnun
3.6 to 4.0, which rende red sctun of the '~X I ' ~Il Si (J lJ pa,~kagl ~s nnusnble till" t.tI t.11I'lll:llly
backward lucompatihle ehnnges lutroduosl Into t.lH ' new vl ' I'.~iol uf Tk. Wltih' ~CII 11I'
of the extension packages bravely k'\]Jt. IHU:f' wit.h t. IH~ 1lIlrtll'I'OilSdl1l llW~ 1.0I.ll' Trl / 'l' k
core, other eXlCllSioll l' 1Ickagi':l havc adapt.ecl llJ lJn ~ sluwly, 1 -1 lJ\\'t ! vl ~r, as t.l l ' ''~' \ pm:kaw 's
arc upgraded to adoJ)!' t he new fcatlln 's uf T k -l.n a llcl bl!/:rJllII' trll )f( \ mutnn-, all d il l!'!.
may be made to reevaluat e a nd ]Jossilily n·illlpll'lIlf·nt 1.1lf' Gil l Ilsiul!; 1Ill!' lIf UII'Sl'
extension laugunges .
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2.3 Overview of t he Simulat.or GU I
At 11mImlliulIiull of th is chapter, t.he importance of th e C UI was emphusized from t he
Pf!l':'i l ]( 't t iv(~ of bot h the noviceuser knming about dig ita l ci rc uits to t he expe rienced
user who llIay wish In explore r1iUcnml ovum-d riven simulat io n tecunlqncs. Th e GUl
llIusl thl1rf.fom Iw f!l\.o;y to IIstl for both 1tI~\\· users and expert s alike.
This secuon pnwides a hlghlovel descriptlon of tile CUI as seen by the end user; it
eensututes au abh wvial<!{]mer's mnnunl, which describes how the user Interac ts with
theCU I I~J layollt logic circuits, specify the cin.11it inputs and generate simulation
output. SUllie lower level delui):; IIf C alsopresented to describe the implementation
of J;lHIIl: of ti ll: lop level in terface elements. More implement a tion de tails, especially
with rl~lwcll.() internal rcpreenta tlous are prcentod in Chapter 3.
TIll'simulato r GU[employs 1-\\1) windows - the circllit edi l of'windolJ!(also known
lL~ ti ll' wa in window) lind the .~i9naJ display willdow. Toget her, these two windows
provide til l' norrssur y funer.ionality which lets the user constr uct and simulate digita l
r-in-uits. Doth of these windows are disc llsS(~ 1 ill furt her de tail ill the subsequent
SlIIJS('(:tilIIIS.
2.3.1 Circ uit Edi t or Window
The eircuit (!l!i1.or window servrs as the main window of the entire applicat ion. Using
the f('a\.lIn~ provided by t his wind ow, tIle user call creat e, modify, S/lVC and load
~1l1.1 ..1('\'1'1circuit.diagrams. In order to make the circuit editor easy to usc, the main
window allnp ts n prescntntlon form a t which has been adop ted by numerousotherGU I
applicat ions -- it employs a pull-down menu bar, toolbar and workarce arranged as
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shown in F igu re 2.1. U)· ueing a.GU l la.)lllt whirh is nlmltl)· p rt'\ 'llII'UI ill hulust ry,
IISCrswho have experience wit h Rmlll ila r illt('r (al"l' In)1J11tshulIllI Ilud 1111't"in1lil !'t li tllr
rela ti vely eas y to usc.
Figur e 2.1: Circuit Edih lr Winduw
Pu ll Dawn Menu 10lcIIll Bn r Workarm l i llilha f
. "rd - RS Lotch. t
'~O
~----, O'.--
Th e followin g subsectio ns briefly desc ribe th e 11S1r i Il IA!r ral ~l l 1 1 h~lUl·Il t.S whkh r-um-
prise the ma in window display. In par til:llnr, al l uv(!rvimv will h i: [JllIvid l!lI ll'lI;llrd iul\
their purpose, usage and Implementation.
Pull-Down Menu
TII (~ lml/.dmml "Wllll lIS1 'r i ll t{' rfi\(~' (~nlllll(lIll 'lIt is ubiquitous ill l'ofLlI'are applicutions
Im lay. II. is (:lJllIpriSl ~d of a rxrw of IIW/Il buttons, called a 1l1l'1I11 har, a long til l' top
of I.h(~ rHsplny l'ad l of which is H...., llc:iatnd with II pull.downmenu. T he pull-down
1l 1(~lIlL (ur sll IHlU'IIU) is disllhty(,([ when tIll' user dir ks t.b« !loftmos t mOllS{' hutton 011
tlUl trumu buuun. TII (~ IIS1'rrnu then<IntI-: tlU!mnllSl~ pointer 1.0t he Ihsin~d option ill
L11l' pull-down tJU!1Il1uud release tIlt! 1lI 01 1 ~e button 1.1'1 ac th~lt(! t he feature .
Pull-down !IIC'IIll S olf1'J' usnrs both Iamilinrity ami case of us e. As users become
1l1:'1l1ainl.c'r! with 1.111' Ientun'so ffered h,Ytill' pull-down menus, nccclcrntor keys may
hI ' Il SI ~ 1 illsl,I'lld of rhn nHllISI! to nl:1i vll l ,(~ submenu options. The a l:(~IHat.or keyfor 11
given uplioll is indiented to t,lll' ril;"lit of the np t iou luhel inthe Pllll.,[OWIImenu, In
l\l!dil.iulI, t.I 11 ~ pull-down menu lIlay he a~ti"nt.~ll1sillg t he keyboa rd by prl~~ing the
Alt k,'y (tJf (''lll j \'il1 l ~llt) and 11l1' underl ined let ter of the menu but ton ill tlie mc uu
hur. Thl' left 1lI1l! riAlll, arrow kl'Ys will tmvors c mljaec ilt submenus while the lip
lind duwn arrows run Ill' t1S(>{1 !,Oselect options within thesubme nu. T Ill!current
illlpll'llll'lIl_alio li uf 1,lll' (·in:llil. (',ditor o flors three pull-down menu s: File, Debugging
luul Help. By ronvont.ion, l.Il1'Help menubutton is displayed to th e right of theothe r
1ll1'lI l1 hIlUU !lii .
Th l! File pull·down menuCOIl~ist~ o f six opt ions, most of which arc related to t he
kuuliugandsavlng of circult,tles(:rilltiolls. The Newoption leI,S the user create 11 Hew
rin-uit h.I' c' rasiug nnr cirenit currently beingedit eden the display. The Open... option
di.~p!a.rs a dialog box whichle ts the use r restor e a circuit tbat hall been pmvlonsly
Sll't'd. Tln- Save... feal nn' will SlI\ '(! th e circuit ill n file previously sclecttd hy t he
user. The Ccnfig ure.. op t io n display~ 11 tli a ln/i hex which ll, t~ IIll' Il~t 'l' ll"ldil\ cetuiu
aspects rC!il\rlli llg: t .heloo k nnd1)('!l1winllr o f lin' GU I, TIll' "\ H1!igura t ion tlia l' l!-\box iii
discussed in detail ill Sect ion 2...1, F tnallv. tILl' Exit optiun I t 'l'lllil1; 1 1I '~ Ihl' applh-athm.
The Debugging pull-dowlL 1lIl'1\I1 was ust'lllll' illlnril,I' lluring tlt'\ 'I'!0llllwlll unden-
nbles t he user to obtain details n-gardin v;: the illl.<'rllnl "lJlIlill.uratililt Ilf tilt' drcutt
cur renrl y being constructed. lufo r umtio n n WLnlilLg: tln-l'OIIIII'l'lil"ily nndtlu- r-in-uit
dcscip uou itsel f canbeobtained Ill'illg ()p l. i Oll ~ p H'SPIII, i ll t.hi s mcnu, A[sll, t.h is lIll'll ll
can be usnl ltl d isplay hOlLlitlill1l;hOXI~ of vnrious dn' uit d l'lIlt'1I1s ill 11U' worknn-n
whichis 1IS1!ful fo r \'t'l'ifyillg that o verlap d( '1w lin ll is II'llI'killJ,!; IWl"l'{'l.ly.
Ti le Help pu ll-down m enu prcs I'nll,\' r-ontains 0 111,1' OIW opf.iou, uilu lI'l,\". About.,;
whidl dis plays a d ialog b ox f llillaillinp;the lUlllll ' awl vcrstuu of the- alllllir 'atillll, I II
t he future, this menu sho u ld offer fu ll h.n J( ~T tt'l\ 1 . 1II'Ip III ti l<' user.
The o ptions oiforcd hy Iln: pul l-down 1Il1'IIU an ~ S!mrSI' .u pn'SI'Ilt.; hUI\'I'\'I 'r, III'W
op tions ca ll he made ava ilable to t.11(' lI Sl~ 1' rolutivcly l ' IL~ i1 .1' th mugh till ! IISI ' uf ;11111 11-
d own mo nu mod u le writ te l l in Te l/Tk, Detl\ i ls lh'S( ~ l'ill i llp; S(lllll! uf1.llI! illlph'IIII'IIl;tlilJtl
details as well as how to a d d new options is pl'l's(ml.l'fl ill C h nllll'T:\.
W orkare a
TIIt~ most. dominant pnrt o f the dl'l ~lL i t [!{li l.or windo w is till' 1fI <II 'k tll1 '1I. wh~ ~h is hWil l~ ' 1 1
under t h e pull-d own men u . The w o rkaren is 1IH' T( ~l.!; i lm wlu~ l'I ~ t ill! i ll 1.I'I'IWI,ivl' ]aytrtl1
a nd placemento f various ci rcuit compenents nnrl d l!lII(!lIl.s t.ak( '~ pl;lf ~l " TIlt! wnrknn-a
c urre nt ly provid es suppor t fot t l ll ~ plHl :e" lI~ll1. of (~lJ IIl J J(Jll I! lltS , win 's, wim poillI.S,!;
6Wirc polnta serve rorirl111rily lIS '''m rJlr., wlrid l 1II11 k" Iwu liplilalioll fIrIii" "wI IHlirrt.s fIr win'S
oasne ror tlm cnd user .
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S'11, ll 'r poims, wire pulnt lalH:ls andgllH! II II,W S, Esamplos ofclIdl ol thcse elements
arl' provldel ill Figum 2.2. All t.IH'1I1 : elomcnrs a rc! urened mxlmod ifiedwi t h thehel p
or1.lu'l,oolbar , whieh is dl~tri l.('(l i ll tl : r . Thc\\'o rknrNlalsoriis playsllllrid wbkh CH Il
Il: Ils,',l by l.I L ' ~ us'r as lUI ald for nlip;ni llg gntes ami wires. The gricl lincs limy he
I,llrll(!,[ 1)1( IlsiHI( till' e{J lL li ~OIm l. i OIi clilling box 1Il\\\ll.ioLled ;11 Sect ion 2.4. Aloug t ill'
rij.\1I1.ami hott. olll fir 1.l1P I\'llrka ff'a 1m ' two s emllbars which 1'11 11 hi! IISl!(1 t o scroll the
1\1lrkan' ll regiou IWlkally nr huri~Cl II (;l1 ly illruse tl ll' circu it design is too la rj.\l' to hl\
Vil'\\'f'd allat onrn,
Fig ll1"l! 2.2: Ci rcuit Element s
Will' COlllPOtLI'Ut. Win' P oint Lt hd
Win' Point C hll' Box Solder Point
T he' workuron is illlp!I'IIlI'lItl'd usingt he Tk C(mlJr1,~ wiclge l,wbich is llsed t o display
2·1):-1rtn'tured gnljlhi(':-. Prhnitivrs snchus liIW:-;, ovals, a nd text can h create! and
nml ip; ,m~l in ~'\'l'tl\1 \'('r:-;atill' \\'<\;1'5. Like ot.her widgets, k~yh(~1rl l andmouso bindings
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may he applied 10 th e l'llnn\:'i asa wh oleor tn ill'lIIS11 1thl' {'illl\'ml ifwlf. This ft 'nlllrl'
of Tk mil be eX]l ln i lt~ 1 In pm\'idl' more fl'l' t!lml'k for lht ' uscr Ilu'n'h,\' 1t1 ak i ll~ Ilu'
user lnrerfne e l'asil'l' to use. Fur t'Xa lll pl!', when n In n lh"r npPI'nt inll is ", 'h~'l t ·, 1. lhl'
hindings OIl the wo rkann call\'a.~ uro d lallg:l'd SlI lhill whenove-r lil t, l!lOllS!' ]>ninlt'r
en t ers 1\ ci reult olcmrau fhn t will II(' alfl'l't,l'd h,r lIlt' tl]ll'rnt illll , lilt' rirr-ui t t'l l' ll11'1I1
will Ill'dis p lnyed in a diflcrcut mkuu-. Thls mllkl'S it l'IISil']' fo r Illl' \!l,a']' In \l1l' lIl\f,\'
t he target. d n:uil elenn-nr., If IIII' IISI'l'. for illSlmll'l' . ptl'SM~ tl lC' SOLDERInl, [lliU'
hllUIJII, and 1I10\1'S t ill' I1llJ lIS(~ pHillIe I' 011'1' t.lu- pnrl o f n ('oulptlll('nl, l i lt' purl will hi'
h igh lighted i 1U lit~a t. i llg that it sollh'rill g aUt'mpl will 1)(' nunh- wlu-n ti ll' llsl'r PI'PS,'il'S
t h o lrrtrnosl 1I1U1 IS!' button. I f lilt' llSN nmvr-x 1111' 1lli ll lSl' lll,in l N IlI'PI' n 1'111I1! " ' I Il' 1I1
bodv, however, t h l ~ component hndy will 110 1, d Hlllllr colulIl' ,
During I. lu~ lmplcnn'ntut.ion uf thc Call, uu UU I ·III,,!. II'HS mu.h-10 Illi1kl ' II IH II,o;l'
a n d keyboa rd Iu'l,io!ls 011 1.111' Wl1I"kIU'l'll ('llilSisll· n1. 'I'll this " \111. wlu'IlI' \'I'r IIII' liSt'[
press estho h·rt lllosl. 1II 111ls(~ bUUI1 11Oil l. hl~ worknna, lilt' Ulll' l'll tiOll St'll,(,t l'll Inuu t ill'
to o lhar wo uld be p m rOrl ll e d ; pTlo:.."iing: the l'ig hllllllSf, 11lUUW 1.111111 11 0 1' III!' Esc k,',v
would ter m huue th e cpcrat.iou. Tho m:til1l1s IH'rfimI1I'II II'IJI'IIf'vI'r lin' Illillllll' !l ll lIISI'
but.tou i.~ p res s edd (~p elll is U j>Olll,llf' r-urront ('OIlIA'XI. awl l.!ll· "I ", rat.illll SI'I I ~ 'I I 'd ,
To olba r
T he 111111·d o wn menu d\'i'i(~ril}('fl Nlrl il~r is ma inly lIS(·1! fOT lIIhlli n ishllt.ivl' tasks, such
us lomlilll; uud savin g circuit,d l,St:ript.im ls 11 1111 (: Ul {:fJ ll li~u l'lll , io ll sl!Uirrl-!,.'; , TIJl ~ actu ill
creation of cirecit (~1c1l 1l!l11s is cnrrhx! out wit.11 1Ill' Ill'l l' oru u' lrlO/lHlf , Fromwhir-h HI!'
user sclel:t."l logk ~at.es to place U!I th o worknrr-u and o]l fmltjulls 1.(1 Illutli(v ther-irr-ujl.
Uu likl' the p ull-down rnenu, the loo llmr is ;1I'1:rossiIJI" Ilsillg l1u' lII"USI' " Illy 1IId "'"
th!: kl!yllflllrti.
Till! tllflllmr is l'llIlIJlTi.. ~1 of a VM"t i~11 c olumn of icnni c buttons along theskll' or
ti ll ' IIl11ill wiullllw. Ti ll: 1I~ 1' lII ay IlJllfigllrr. thc GUllilla.'i t o IUl\ c the toolba r dilil'lllyt-·d
1111 c:itl lf'1' HII! 11,n ,... r iJ;ht silh: ll rtbr.lIIa ill .. lnd nw. 1111' too lhnr prneidcs t hreemaj or
"l'c:r n l,illns, 11f!1In' th,· I'mtit ill ll illg of th e 1II1I11mr into th ere main hlocks,
TIlt' filS" 11K,", fir 111"'r.d iIIIlS ",Iatf~ 10 Compon~/lt crcauon. Us ing these buttons,
lit" IlSl'r rlUl cllli,·kl.\' c'" ' 111' 1111 1 l~i\f~l' JClftk ga fl'S c,n t bc worke rca . Cllrrclltl~', I_hI'
~.nfI.Wll rl' ~Ilpporb; 1I11' rrention o f ,~Nf), NA.VD, O/~ NOR, XOR, XNOR , BUFFER
mul N OT J,(HI.I'S, Till'S!' ~Jtl{'S are hnrdeodrd ill the cu rrent itup lctneutrrt lounf t h.·
~;I'f i l' t.. Ilmvl' vl'r, fll t,lI n' lIf'n;in li s may (:Ollslllt , It IIlIrllr ,\' UpOll inirinllxatlou, dnrtug
",hidl 1II1'ri rc· ll itl~li1.u l· will III' iUrlll'lIll'd "f llUlh e ~a ll'S »nd eeupoucnts SUPl ltlfll'(l h~'
tll t IIC'IL'iI'I' hy Ihl'G U I.
Aft ,... si ll /J;ll'-f'lkki ll~ IIIl: nJl lln~)rill tc toolha r butto n with t he mouse , tbl' use r
llMI\'I 'S thl' lIl l lIIS!' lIuiu l l'r ull tn the rauvn s; the new logic gal l' will bc emu cd lUld will
~ IJlnw thl' mouse lIS it is ,lrtlAANIII.rru-."i t he ranva s. Till' USC'I' mll p la rr tile ("llInlll)IJ(mt
1-\\' did .in.( II I(' lrih llllsi lllflll!i(' buuon a t thl' desired IOC"lt ioll on t hl' Iffirknrra. T he
1UI11' limy alsn IIf'ruuu e dbefore placement by clid:ing the middle mouse b uto n:
hiHil lg;Ihl' r i~h l ll KISI moee Im tton cancels the pl nc emcn t lmd removes the gate fro m
th.' vnnvns, !\JUTl'IlI't Ui!S1111 t.)w impleruentnticn oreomponmu cre at ion is presented
luSoct.hrn:1.5. 1.
TIIf' SI~'onci hluC'k fi r huttous t:olltains t.ILI' Edit Ullt' ra t i()IL~. Using thes e rl~l llll'CS,
IIll' IIS"T1'1111 11111\"1' 111I111Jc.1I'h'ci rc niLI'lelluml!l,ro ta te com ponents, <tll<lIlIOdify vario us
nllr ih utt'Sur t,hc' ri n-uit clemen ts. Thes e operat ionsall hehave ill a simil a r ll\1IJ1 11<'f.
with the I cfllllU~t mOils!' lnnrnn cmryillV; o ut till' 0 ll1'raliol1 nn 1111' sl'\''{'ll' d t-in-nit
clement nnd tho rill;hlnlOs t tllllllS, ' button tcnninut.ing tht' opl' ratioll , ln tln- ,' :1,<;(' (If
component rota tion, thr- I,'ftlllllst and lI1iddh' mouxe hut h JlLI<rutute- Il n' la l"/..:,,'1 1''' I1l-
poncut gn " countor-dockwts- and {lU"r-hu-kwisc. n'sI H'{'ti\'I 'I,\', :\ 11,\ ' win,:, 1'{)IlIll'I'tl'd
t o IIII' eo rupoucnt 1ll'1' lllo\ ·I'Il lweonliuf.:l,\', Thi s is 1\I't'(llllll is llt'll h,l" Nuh jl'l'Ci ll/-.:. l'a('11 of
t.he win ' points <:on\l('{'t,I'd til the ports or tl u- «uuponcut In tlll 'S HllIl ' rulllli llll m.ur!x
usod to rot ate t he componmu ilst'!r.
The GLUEbutton 011 Ihl' Edit ,s('l'liun Il' ls 1,111' user ~h li' sru-rn l s-in-uit i II'IliS fu-
gcther b y hohliug down tho kft.l!loslmOlINl' buuou 0111h,' I'HIIYIIS Hlld sltllki llg 11111, a
)lOllIlilin g IJlJX wl th till' 1Il0!lS<' . A ll eircult (' Il'menls whh'hIi" insi,!l' t.lu-bnx nfl,I'1' IIll'
mouse button is relensed will hI' !.n' nll'll HI;a Si ll l-;II \ 1'IlI,il.,Y, This ruukr-s it, t 'nsi,'r 1,0
perfor m all upera l.ioll 011 sevcml !:in :lIil it e-tns ,~illl u llalH'uw;],\" Fill' r-xmupk-, :owI'l'ra l
gates and wi tt'S could Ilf' p;11ll'dtll/-!;l' l.lwl' lInd 1.1 11 '11 SUh Sl'lI'Il'IlI ,I,\' 1II00'''d us 11~i llg l t ' lI ll it ,
Thls makes mnulpulnttou of II\!' d r('ui t nnu-h l 'a~i l' r l lil\U 111(1\'111 1-\ PIll'h oflh" (,II'nil'ul,:;
iud il'illually, Tho uugluc OPI~r:1 t iOl I willrr-move 1,111 ' 11ll1l1l11illlJ; llux, 1lIIlS 1'1I a l l l i ll ~, till'
user to once a~i\ill mauipulnte t ltr: circuit "Ii'JlII'ul s ;lS S<'J!lIra! I' unil.s ,
T he la st block of lJlll.tulls in 1,1111 toolbur I~JIII,a i llS Ill!' W ire nn-nt.jnn 111101 11111 11 ipll-
laton operations . Using t hesl' lmt.t.ons, th o wiI'r r-an IWilt!' , il ll'lIlir,v, la lll'l und sllldl'"
nc tllsts, whichnrc t1's[Joll s ihtl' fil l' ('Oll llt ~l:ti l l ~ 1'01I11" lll"lIls H llll pnll,aJ.!.alill~ s igna ls,
Tile CREATE lnutcudlllllp;!'S til l' InHlIS " IUli ll l e l' fu 11 w ire Sllw, t whirh i:; lIsl'd I,u
la ymu nctlisrs 011the workann. Till! ld l lllosl , rnuuxo IJIlU.II/I is IlSl ~l 1.0IllYI/!' WII I'IW/J
o f the w ire l}f)illts awl t hl! mic1dll! lllOllSl~ b u tt oll <: (J lil ph~ll 'S tl ll~ wil'l!, T ilt: rh!,ht lll iost
m ouse bu t ton ab orts l hl~ netlist l: n:at. ioJl Olll'ml.ioll alltl n :I/I(J\'('S all the plli "t.~ jusl
crcll tctl, Outin g win: creation, ru h lwt-hllll lliJlI\:of ti ll' wirl' s is mil'll s" l'S It! flmvid,'
1111I.y f~lIn ~~llrl ! t lw interr llce Sil that en ly ver tica l SInd ho rizont a l (manha t tan style ]
Il'in~ limy hf~ d rawII. In ,uklit io lJ, lr rhc US''f sct s R wire point 0 11 top or an l'Xi..tillg
Will', ;&/1 ...x isli ll~ wiR! pll intllr a IMIJ'l, t1U! 1I1!\f poi nt " ill fllltowlI.ticnlly he soldered to
hux dl 'Sf:riln 'l in Srct iu n 2.d.
Till! SOLDER hlltlu ll It!Ls the userso lllM' two nellists tlllll!thf'r or solde r a Ilt'lI i!'> t
t il t iLf! [llIrt o r II e nutpunent. After pr N>.sing tl ds burto n, the mous e p ointe r will
1:lulll!!,f' lntn II sulcll'rilll.\: iron Oil t ilt, worknrm. Cticklng the lertlllosl mnu se butto n
011tu p uf wirt's, wire ,m inl.. a llfl ports will soldl'r a ll theo\'erl l1/lp i nl{ j[1'llI S tngl,t lu'r ,
All till ' iU'llIs 1I11t11'Tlllf' ('ursor \\'ilIlK! sol ( lt!Il~ 1 itl telliW!llt l)' - the soilicri ng fl~l ture
PI'1'Vl!lIt... Illt, "n'lltiull o r c,vd rs ill II. 1l<,t1is t and p rohihitll t he solder ing ur two o utput
nrt lis t s hcw,t hl' r,' The soldr ring Jeatu re C'd ll a lso he IISNllo int rodu ce wire l)Diu ts
1I1U ll~ nil rxbtillg wln-, Ollf! importallt Ieaturccurrently IlI.rking in the circuit editor
iii ti ll' lIhility to "lll~ ld{'f~ wires . However , t he same eurl rem it call h e arllwvcd
hy i ll t rnduri ll~ a 1)(''''' wilt point III'xt to till' so lderi ng point a nd th t'tl dele t ing till'
i n lrn" lI ill1:"~'ill'sq;llll'lI t,
O ll!"l' Ilrt lio;Lo; Iml'CI ~I created lind so ldered together, the NETLIST b ut ton ca ll
hi' list '" til idl'u ti ry Ilt'l lish;, Artr r clicking tllb; buttonand moving t he mou se pointer
til 11 lIP t lisl 1']t'llIl' lIl (Lha t is, 11wire or wire point]0 11theworkarca , n il wires a nd poi n ts
whirh l~l ll ll llrisl' l. I II'I ·om'sp{)III1i ll g nerlist, willhn h ighlighted . Th is fea ture CUll be used
t tl wrif)' t1\l~ \'llIllll-rlh ·it )· of t Ill! nircuit s i ll{'Cthl' illtl!r-l~onllt'ctioll s o f tIll! r-i re ult muy
TSho llltl lbr lIt'!'!1nrb'r to support tristate circuli clcmrllU, Ih('!l('8OI11ctl ng I'ClItricll oll KlllllY be
liflC'j h) ' umkillK lIIilw't 'lludilkn tionKto the sc r ip t.
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net be imlll cdiatel:y obvious h:lM'{\ upon visunl inspection alone. No ll' thnt l lt' t li~l
cx tmction is not d ow! each tim!' tlu- buuon b prt'SSI'tl. 11I~h'a\ I , WI' I'l'ly UIlII!! l ill'
dyn amic nctllst id ontlflcat iou fralm'!' to idt' lltify and l;lt: lI t'l l i~t in-ins H~ wil'l'i'Imill
points lire laid dOWII and soldered. T his is dcsrrlbcd IiIUTt' rll ll~' ill SI'\·l.1UII;I.li.l .
Finally, rho LABELhut!.o\1('1\1l h{~ \It;!.,l t o nnnu- 1111'1l1'llis!s rill'hlllh llm'Ullll '1l11l-
rlo n eud s imulat io n purposes. ,Ht,l!r pn ..~si ll p; t.his toolbnr but.tun, IIll' llSt'r I1IU\"\'S till'
mo use pointer to a win!point ill tho lH'tlist that is (II IJl' tHl1lu·\1uuddi\ ·ks till' 1 \ 'fl,I I H ~~ (
mouse button. A di alog window, llS shown in FiV\l't· 2.a, b fl i.~ pl ll)'\' 1 1 whkh Il' ls tln-
user suppl y a netli s t, name <11Id spt!Cify (,hl~ urbuuauou or t,ht·la lwl \\'it.h fI'Spl'\'!. t.\\ llll'
point. After providing a name lind n rk Hl,at,iol! , till! IISI'1'[>1'I'SSt'S r,11I'OK luuton. lind
a waveform corresponding t o the labe l is l'l'f!itt.l'(1ill t iJ i~ siAual ,lisl>la,r \\'iruII IW , wlrh'h
is descrihed ill Section 2.3.2.
Figure 2.3: Netlist La bel Dialog Bux
1 .... \ Netlist la bel I rr:tdl
~1IIrnI: 1..1j
Note t hat only wi re poin t s anrl rIOt the wire's thems elvoscan Ill!lnln-lled. AlsfJ, 1.111'
interface prohibits t he user givil1l-( two lIl~tl ists the! same lIillWIJr il s i nA:lt~ lIHlis l. l.wu
names, As a conseq uence, the user cannot sold er toW~1.IH~r two IwUislH'l whid t IIIlVl '
already bee n labelled. The name and uriuntnt.ion or labels may Iw1:IJlIIIAI!rl usilll-l1.111'
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MODIFY huucn uf tileEdit s(~l:liclll of thutooluar . Lnhels muy alsn be dd c'led using
tl w DELET E 1 J1l 1.to ll l!ft h r~ t.uolhar. AftN tlw ddl'lioll ()flhl~ la bel, the (:OT!1!lillOllllillg
wnvefnrtn i tt tIll!siJ..;llal dbplll )' window willa lso he n'm owd.
2 ,3.2 S ignal Displa y Win dow
TI ll!s(,tH IIC I top-Ievd windowllisjlla.ved hy the' GVl uponstartup L" the sigllnl d isplay
window,IJresc'III.!'(! ill F'igllre2 A. T he Jlllrpose ofllll~ sigllillclispla,ywindowis to let. the
US/ 'J' l ~ lil t lw siglmls for rnr h oft_h(~ labelled inputnet.lists Ollie! view theeor respouding
ou l,plllsi /!; Ilill ~ Iwm'n!Il'c1 from UU~ d n:llil sim ulation. The siglllil display 1V111<!0Wis
h rukendown into fum majo r serious t:nHsistillg ol t hc signal waveforms , hntton ImI,
s i).!; ml1liIlH~s aut! slgnallnlx-ls.
Tbc~ Iarppst pori ion(If llw signal d islllll.\· windowis devoted to the ,~i9111l1 wfwe!0J711
nrt-a. This M'(:liollllfUwwtudowdlsp luvsuro inpuL/out llutwavcfunnswhich represent
t hl' .~ iJ!:u ll 1s nwt, have t r1lvel lPd along eneh of the labelled ucrltss . In addition 1.0
d is l' l<l,l'iuA't.h!! input 1I 1111out put signnls, this section of tile windowalso Id s the user
modify 1111' Input siJ,!;llals 1.0 he processed hy the ci rcuit. To modify a signal, the
IISi'r lIIm'(~S the mouse pointer 1.0 the waveform to be modified lind th en uses the
tl·ft. lIH~l 1ll0\lSP button to pu ll signals in the waveform hlgh Of low. Th e lISCf JlliIy
ulso "draw" 1.Il!'Input waveformby clickingan d holding the leftmost mouse butt on
nnd l l fi(~gi ll J,!; 11u' mouse lIe f()s.~ the wnrclorm . The signalvalues for t he waveform
will sua!! 1,0 Ill!! discrete signalvalue closest to the mouse pointer IL~ the mouse is
l lra!!J,~'d . Currently, the waveform ed itor supp orts three discrete \'1\Ill('s: /li,qh, low
and IlI/kIlOW/! ; the la tter of whiell is represent ed by a horizontalline in the m idd le
Signa l Labels
Fi~IIr<' 2,·1: Signal Display \\'i ll lillll'
Button flow 'YU\'l'forllJ,~ Si~llnl Tuurs
of the high and low boundaries . TIll'CU I l'xplidtly pn~\'l'IIL~ tl1I' 1I ~I 'r Fnuu dil'I'I ' I.I,\'
modifying waveforms w hich lire 1I0\' input ~il:lla[~.
T he blltton bill ' at the top of the windowenn-ruuly t~o ll t.ain~ oli ly twu l ' II U" Il~ . 1.111
it is relatively easy to add extra 111l U.o1 I~ :;IHlU1cl Uw 1lC'C'( 1 llri~' ftlr m:trn fUIWI,lUlIlllity,
These buttons provide m:ccss to fl'nlun~s whichdil'f'C:l.ly am~ : t l.\ lf' siguul d isphl,YW i ll '
clowand arc therefore loc!atc'Cl hem) i ll~tclllfillf in the dn :uit. n lilor winrlnw. W llI'lI tilt'
user presses the Simulate button, tht! upplhntlon firnt unsu rrs tha t. \.111 ' dn ~ ll j t is 1'0111_
plete (that is, the ports of 1111the l:fIlll !,OlJl:llts huve hl1!tJCfJlllu'C:I.I 'd to 11 Iwl,Jist) , 1\1'1,1'1'
this check, descr iptions of the cir cuit and its iuput ~ il!;ll a ls an: l:fJllljltl.wd ami ~I'li t I II
ti ll' silrlll!alor " 1I ~ilW for SilllUIHl ifJlI. Altl'r simulation, thl' results an ' fr?r l luu-kIn thl'
( :1; 1 II·hid, IIII'll Jwrs('s 1111, J"( 'Sl llL~ illlll llispJays l.he sllllSl'/iIWlll output w:l\·..,[orl1lsill
1111'si~ lw l Ilb play Willllll\". T lw Increase Duration buuon simply adds leu lillie units
t il th" thn« llm-so t. h a~ .~i ~ lII ti s ill t.ILr' wavrfonn urr-at llll hI, I'Xl.I'Hdl'll further ill tWII',
lill f" rl.lIliatr'l.y, IIU' t.ol.;!\ dura tioll of IIII' si/!,lIals nllill ot ,\'\'t Ill' dl,tl"l'llsl'd.
TIll' .~ i!1 7IId l illll:.~ porlillll [iI'S il ll l lJ r 'lliall'l~'I If'lIl 'a t li 1111, button har and runs hor-
im lllalJ.\" tlll'rr']I.I' 1Illllo ta ti lll; l lll' wan 'forllls 1)('II('HI h it. T his porIion or ti ll? sigmtl
rli,~ pla.I' wltnlow is 1I01l-iutl'fHl,ti \"1' IIml Sl'r\'I':'i lIul.\· to dl'lloll' t il l' rime of til l' slgnul
vnluos hl'IU'ill,h it.
und is di\'irll'd inrn Sll h~r'II1i(J lIs. I'.wh uf whtrh n' ]Jrl':'it'1l1s a lalx-lled 1Il,lIisl ill tln-
1'iI'r'u il r"litu!"wludow. Ent'll SllllSl'diulJ enutniust lu' unnu- und typo of tIll' !wl-list, it
n 'prl";l'II!.S 1l111111l111l111t",S till' signal wavefonn illlllll'diat d ~' 10 its right. Siguuls llLa,\'
Ill' J"( 'ilrraIlAI ',1b,\' r-lirking and holdillg the leftltHfS t.mouse but rou Oilthc signnllnbol tu
Ill' 1II00'1 ~ 1 IIwl t.11I'1J IWlil'all,\" dra~ilJg t Ill?signullnbcl to the desired locution. Aftl'r
th,' 1I11l1lSl' buuon is rl'I"lIst'd, buth the siAlial lahd mill it eom'spondingwaveform
will Ill' 1Il1l\1'11 tn till' III'\\'Infa lioll mill nll otlu.r sigllal lal)('ls and wll\'f'fmlllS will be
111 lj u SI I ~ 1 a('rordi llgly,
III till' 1'1I!Tt'lll irllplt'1JU'1I1Hli(JlI, IH'll isls haw throe l.YI)I'S, i1t]i1lt, atllplI! und WI-
krWllIlI, lht, tYlll'of l'lwh Iwl,lisl, isdispl ll~"t'{ I I J('low its name ill t ltHsignal la\wls sect ion.
11,\' defuult, nli l ltU'ull tl! ~ 'l t'l l rll'llists ('n'1I1 I', I I I~' the user ure given the t)'lle lmkflowfl.
As lll't lisls ill'" sul,!,,!'t'il III IhI' por ts or ('OltlPOIll'UIS, Ill/' l),pl' of the 11 " tl i.~I, changes
mlll lllll!tin lll,\' ill tht ' siguHllall<'ls section to reflect thoirIWWtype sta tus. Fill' exam-
ph" if till' llSt'r "Olll U'I'CSall isolllll'd lH't lisl to 1111' inp ut port of a component, the n t he
word unknown willhe l"rplm'('d h.\' 1111' wonl input lu-low IIII' Inllt'! nunn-. rlll' I'llillpll'II'
rules for notlist I.\·pl' determinnrion un- 1l1ltliUl't1 ill Sl'I' lilm :Ui.:!.
bar s . 1I 00\·( ~\·I'r. ill add ition 10 sn'olli llg t Ill' waw rnn l1s. IIIl'SI' scrollburs a lso SI'l'OI1
t Il(' sil;lUll lnlwls or sigll nl tiUH'S 111'; uu- 1I.~( 'r srr ulls 11ll' vonk-al o r hul"i....1I111nl sl'I"lIll-
2.4 Configuration Options and Resource Database
GUI dtosij!;IU'l"S (·lI1\1lO1. always ant idpal. l' I lw lIl'I'ds und pH·fl·l'I' IWl'l-ior IJOII·IlI.ial PIIlI
users . As a result, it is common for IISI'r illtN fm'I's lu lU' I:lIs l lllllt'l.lIlt!(, ill rlu-ir !" ok
uudbehaviour so ux to lit. th e IW('C!l; uf 1.hl' widl'st USN baSI' IlilSsihll' , T Ill' r-in-uit ,..litur
dia log box is d isplayed when1.111'usn lwlc·t:!s ti ll' Configure... uJlI.iclli Inun I.Iw File
menu ofl .lw lItC1I1l bar .
Figure 2. i : Configure DinlIJABox
,11
CUrrl'Il1.1.v, Hily four l ~<;I! ( ' c ;ts or tim Gli l um be configured using this dialog box,
TIU:M ~ I:lJllfil!,ll flitirm 1 !Il r;llI l el ( ~ r~ IIfC~ ,-;dl~df~l l lJy IJrl':i,<;ing tIll' upproprlutc rndio-buuons
iu l.lfl' di;lll!g hox.
To ol Bar Positi on Tills ~lx;l.iollllf till) eonfiguratlnu dinlog hox lt~ l.s ti ll' usnr change
till' Im:llt iml of UIl' l.unllmr 1,0 either t.hc' l"rt or right. side of the cin:tlit edltor
wlndow. Pn!l'i~i ug I!ithl'l' rudto-buu ou wows the tuolbnr itutnmliately , xo thai
1.111' IlSl' T run c ~\'al ll a l , r ~ 0 11 ' d('d sioll wlthmu.having to first. !c)il\'C rho dialog box.
B.y ,Id ault, t.lw tcoltuu- i1'l disl,layed 011 the ldt side of the circuit editor window.
Grid Weight TI II~ illl.l'lIsil.y of ihc grid which isdisplayed ill the workarr-ncanvasllIHy
1m tllm ! ifil~ 1 tnow' or rhreclif' Ui n/;-"l so il.<; to il1lTellSC~ or dccrcns othe \'isihilil,\' of
1.1 11 ' j.\l"icllilll'S. TIll' grld lill l!S lIl il,l' also 1J1 ~ turned off complntelv. Once the Il~if' r
Sl:!I'd,"l UII' itppropriau' radio lmttou, till' grid intensity is changed immediately
on 1,111' wnrkarea, rlrcrcby gh'iug the USCI' Instant feedback.
Automatic Solder During lLdlist creation, when the user sets a point 011 top of nn
('xisl;lI!!; wirt-, wire point or component port , all atte mpt will be made to solder
UIl' newpnil1t.i~ l t he ll\'l'r!;\ppi llg item . If this behaviour is unacceptable to the
us er, tlll'1lthis fonturecan be tnm« ! olf.
H orizont al a nd Vert ical Wires Only Th e USCI' has the opucu of configuring the
aU I tn prolribit.dw drawing ol slantcd lines dur ing lIetl ist creation, If the 1lSl.'Tis
c1uilll; a llllllllmUauli t.yle In,wHlt" then t his restriction would make such nlaycu t
('llsil'r. Nowuuu thts only affects uetllst crcat ion - t he USCI'may subsequently
mow win'S and wire points whichwould result ill oblique wires,
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After tho IISl'rprI'SSI'S Ibl' OK button, a Iill' 1H1lI1I't1 , d i gi t clr c is alllulil alk a ll,\'
updated wit.h tIll' new l'tmfiglll'1I1illll illformllt illll iu t hl' usn 's hOlJL!' dirl'I'lor ,'" 1\1'111'1',
the next li llW tha t tht' USl'rst ar ts IIIl' applit'nl iulI, 1\111.111'pfI'\ 'iults SI'I\.illf!,S will i",
restored, If tlu- user H(,led,s the Cancel buunu. tIll' l'tlllliAural illlI sl'UillJ!..'-; will revert
bnck 1,0 whut. t lu'}' wen' before 1.11('I~Ollfi~lIrn t io ll lliallll-\' hilS was m'l i\'Hll >t 1.
Other aspeds of tIll' GUI run be t"ll1lliAllrt'c! llsinA 11ll' S 0///;1111 d"fulm81', l lsillA
this terhnlquo, virtuall y l!v('Q,th illg Irom th(' colour ofdrl'u it oh-nu-ms ill lilt, II'lIl' lmn' il
of the circu it editor to the widths of the slgunls Ilispla)'(,tl ill 1111' siJ,\llalll islllay \\'illlh,\\'
can be em;tomi'l.l'dby t hl' use r, Ullftll'til lmlel~', it. is notl'ns,\' t il l1S1' IIll' Ilfllillll I1Hlllhm'l'
to configure the GU t. OIWmnst hI' flUlliliar with urc widj!;t'I- hioruu-hy 1 'lllpICl~,.'t 1 h,\'
t he applica tio n as well as be uwnre of I,lll' vnlhl :-il'l.tillJl;S1'llI'h 1'1l1lIip;llra tiu lIlI pl.i1l1l I'a li
take . A ll the configura hl(! IISI)(!('t.~ of t ill' GUinn' sl,ur!'d in f.lu- [ih- optiondb,tcl
which contains a pro('~d lln~ thut 1ls.~i I; IIS ,ll{n llll, mhll's t.o opt iull lIHIlU'S" Au,\' 111011-
ifica t.iuns made to the option values will take I'Ifi 'do tJl(' IIl'XI, ti llll' [,Ill' npl'l it'at.illtl is
rim. Alternatively, (JJI~ cnu modify all opt-ion s(' U. ill~ t.hWllJ.:11tlu- Ill'll' of 11 11 X l"l'SUlln"I'
database such lis the . Xdefaults filo. For e mlll]Jle, if ti ll! 1JSl'r \\'a ll t ,(~ ll.o l ~ hH IlW ' 1.111'
colour used to d isplay a wire wlll'n it is hi p;l lli f,!;hl~'d , till' fllllo\\,;lIJ.: linl' I ~ a n Ill' addl~l
to t he user 's . Xdef aul t s file:
di gi t cl . vcrkare a .canv as .vtrecclo urSe lected: gree n
and the-option dnteba ..sc would have to 1mrr- nsu l by is.,-;uillll;a efJlIIllI1l1ul such as:
$ xrd b - eerg e - / .Xdefaults
When th e GUI is resta rted, wires will be coloured J.:n:-t'll liS 1.111! IJl lJ lIS1 ~ pnluu-r IlIIIVI'S
over them during, for example , a delrunlI]JI:raLinll,
2.5 GUI Limit ations
I k:-;Jli1. ( ~ l.Iu' jJol.l,nl,ial 1l~!·rllhI!'IIS 1I1111 ill t ll iti\'I'IH'~S IJf l lu~ ilJtl,rflll:", SOlll f' major short-
l'OlUillgll line!s"vc!ra] minor dd id l'IWif'S \\"l'rf' il ll'uti lil'd in the current huphnnuntufinn
of L111' GUI. Wliil"IIIlUly of t ill' PflllJPlIlS an' n-luUvd .l' sillip le to corr.ct., e t hers HIllY
fI~1I 1ir" Hllll-triviallrllll lilicaUolls 1.0 1.111' hnplerumtnnun. This section cJiStllS."i(~ SOIlW
'If Uw majur li lll il~L l. i() lIs.
A IIIOIIA th,' limitnt.inns, pI'rhaps till' llHiSI. obvious is tlU' l:lI rn, lI l, inahilil,\' to rI' ll-
nhst rnd i,m IJllly. TIll ' urhlit.ionof hi,'m rl'llinll dl'(·(lIl1 IH ~si t.i() lI \\'OIII I! lllllH,' t.lll' rircult.
1'lli1.lIr il ion ' I' l'II!!:lml t.ir: ill hol,1i anH!l:luic:arlit industrial Sl'Uillgs as this wuuklpl·twit.
t he' l :ulI lI l l'lIl 'tillJllJ[ rusuun lihraril'S('olltllininl; C\llll)lUlIl'uls whicheuuld lll' (·asil,r re-
u:-;l ~ll ill futur!' elc'signs, IIic'rlm:hic,ll representation would require the ability for I.h('
liSP! to slrukt· out. lIud (' Il('aps\l lal l' t'o ll\p() Il~lll s ill a Hock, i ll lllll t h lIw j; lll ll\~ f llSh-
ion as thc· ~hU' Ioature " p('rlllro:-;, The user would tln-n have t ill' OPP01tlllit,r to savo
that, )lorl.iollof tlu- circuit ill a llhrurv of so-called me!lll-compl!flcnl.~. During subse-
qlwn!. 1I I's ig n,~ , UJ(' 11,'1('1"w01l1r1 lnrvr- the allility 1.0 intogrnto thr.,>;(' lllega-t:ulll]J'l!lCn(s
ililo future designs illst('ild of havingto recreate t hcm from scratch. Hierarchie s or
hh'mn 'hico:-; ruuld l'I'ell 1.1' constructed, thereby silJl pli~\'ilig tho layout proce ss even
Annllu'r sniulls prohlt~ 1ll is tIll' lack of an mil Ia Ir-ature, whh:h wouldlei theuser
har-k Hut nf rho last lllodilic'HI, ion llIaclt~ to either till! circuit hclngeditedor to nn
input, waveform. T his Ienturu, rouunon among many edi tin g too ls, wouldlet the user
l'C'I'U\"t'r from mistakc'S made while cdltlng t he circuit or waveform. For example , OIl!'
('OIll11l01l acd d('l1l is to lIS(' the DE LETE uperntiou Itl n' l1ltl\'c' a !-:hll' box ills tt'a d tIl'
the UNGLUEope ratio n. After 1I'd dC'llla lly d!'h,t ill~ nil t ill' \"in 'uit "h 'lIlt,tlts iusid ,' I1ll'
glue hox ,tlw lIS('I' 1"0111,1simpl y di ck 11 11 undo Imuon wuh-h W01l1,1 n'l"w!'r rln- <'in' lIit
I'lt!l l l(,lltsdde l c', l c llIri ll~ Ihelastupenu lou .
\Vll i]c the sig nnl editor is ,'nun'ni l' lll for 11 1'('1111 in' I,\' sumll lllll ldlt , 1' of iiill.l l ills ,,\'c'r
1\ short duration , ,'( I i1 ill~ 11 p;rt'1II('1' Illllllh,'r ofsi!-\Hals Iwvi llg- a IOll ll.I'r d ural illil 1';111
become cumbersome. Fill' r-xutnplr-, t hen- is 1111 II"n~' III !'<lsily insert Ill' 1],' lc,t" 11 si/!,llal
mi lle 01' 11g-I'OlllJ of siunn l \'ah lt,s, III ti ll' fuum-,I hi'S,' d('lil"il'ul'i!'s tun,\' Ill' ll\'t'I'l 'OIIH'
Ly d ll lll pi ll~ t ill' wnvofbrms ill tnhnln r form tn 11 u-xt tili' whh-h r-an 1I1C'1I hi ' 1'(lil,'(1
hy the user 1Isil1~ 1I11'xI I..Ii t ur . One- 1111' 1IS1'r is lillisl lc',ll'diti ll/!,II II' W;1\'I, r" r\IIS, I Ill'
siglllll d isplny would hn updat ed wlth lh ,' ('oUl.c'lIls Bf IIll' 11ll l1!ilil'(l ll' x l tilt'.
Dospito t,l u)sc ~ rCli t.ril:t iolls, I Ill' C:UJ ill its rnr n-nt. Ill nl lirc ,,~ l al i lJll p rol'id l 'S a 1'1 'l illl,Io' ,
conslsroru II l1d hO]H'flllly intuitive illl.r-rriln' fur c li~ila ll ' i IT ll il , In,vl lll !. ;11111 Sillllllnt.i1J1 I,
l'!ipl'l;iHlly ill HII lu:mlt-mie seuing. TIll' l'lJ lT l' JII. i ll lll !c' I I Il' II t.ltti llil pnl\' i l] I 'S a 1'I':liilll l:l I,I1 '
fouudatiouupuu whichfurther t'lIhalU'l'llll'lIls 1'1\11 lu' Im,'i1 ,(!.
Chapter 3
GUI Implementation
'I'his c:IUII IIW plllvil [E ~ insight. into 1,11(' internnl workings Of SOllll' of til t! import ant
mille·t·ts of 1.I1l ~ GU] , 1 ( 'S(Ti lw~ 1 i ll the previous rhupt cr. 111 gcnorul, dr tnils reganliug
ti le I :lldl~ JIl0l1 IJ hlrj ~ ll t.iflll , iUll-fWd data r!'Pl'f'!iI'lll.ll t io ns and stra tl~l{i('s adopt('(l h~' the
i 1Jl Jll l'm l~ll\.lI\. iOll witllu- Ill'sn illl'd. lupurtieular . mfonnauon relating t.n tuo t:tJll~I,n u :­
uon uudnumlpulutlen of t1 11 ~ eompoue nts and uctlists will Ill' revealed. Several code
fragl lll'ulS will hI' presnntrd so as to illustra te various lmplemcntntlon \.(~dllli{[1 ws.
3.1 Overview of the Im plementati on
As IIll 'Ul.iOIll' d i ll ti ll' previous chaptc r,l ,lw entir e GU I was wnucuuslug tht, striptin!;
IHllj{lI11l{(' Td /Tk. Tile high-level of absunction olfen-II hJ th is language helped O\'CI'-
ronu- mall)' of lo ll!' tedious, tow-level hnpletnentution hurdles commonly encountered
whend('\'l'lopill~ a GUL AI.;obem use there is 110 uecd to cumpile Telscripts, develop-
umu. is reduo-d to rd at.i\'I'I,\' simple iterationsof edit =>execute cycles. Convcntionul
c'otllpill'd la llglln~rs, such lIS C and C+t , require much tnuru t imc eonsuurlugedit =>
compile =>link =>execute c'yd~ .
abo ut 2200 lilll 'S of intc'TIlal dOC' lIl111'ulllt iull :IIL.I r':IlMI !iIl,'S (If 'I'd ",·ripl . l 'sil1~ tlu-
for ('alliug the i1llprup riil tt' pmt 't'(llln 'S Iha l rrmu- tln- ein-ni t t'tl ilclr whnlow 111111~i~ll a l
d isplay window nud I nL~ ic'lI l1 .\' SI'r\"l'~ I" SI'I 1111' Gil l ill mu li " II,
\ Vllt'lI it production n'll'uSI' is 11 11 11 11" nil IIIl' scr ip ts ill"!' l'ulllhi lll,1 iUlu 11111' la r~l'
M'ript file; all t hl' cuumeuts lin' ~ l ripIll'd out su as III n -dl ll'" 1.1 11 ' nvornll Si~ l - nnd
i!WW1tSI' the exer-ntiou SPI-I'I] flf tlu- sl'I'ip1..1 111 nnh-r III run L1I1 ' pnulur-liun n-h -a,~I- _
seveml r-nvironment. \'arin hll'S h1\\'I'I,ll Ill' Sl'l., wh it,lt iUrllfl ll till ' (: 111. lr Ihi' l'lI'il!iIUI , .r
venous hilmal) 1iIf'l; llll d t h l! hx-ntlou o r t i ll' simnl;\I" r I''' !tilll' ")(1'1' 111:\1111', MIlTI · I II 'ln il.~
n·ganlillg the illSlll llll l ioll of t lw Ilnl<lm:t ioll n,lc·aSt· is p n'M'lIlt 'tl iu '\ PI"'llIli x ..\ ,
One of the malu pmhl(,llIs wi t h Td i~ tln- Im:k uf rn'MhrhlT 1I1111l1 'S1' 1l11" 'S ti ll'
names of global vari llhll'l'iIIr Jlm l1'1llln o;s ill 1lI11' IlIIMllIh' 111;1) ' n /li llil'l with Ilu' nann 'S
of variables ill ot her mod ules, To Jl;l't around t hill 1I",IIIc'III, 11 namiu!t Sdll'l lli' WllS
unique strings whic h 1JI'IIlr.la.......if.v lht ·IIlI IllC!lIl1ll l1ll1kl·thl·/lllllll· IIUilllll·. I-iWI·X;ll ll p lt·,
\';lfiabk'S aile!pWl:rf!un'll whic h nrr-c1irc'(:t ly rl- JlIkd tu 1:lIJll pull" nL'l 1It1' I'rdix,'tl wlth
t he st ring comp_i likewise, varillhh':S Ilud prm:I'(!u n'S n-hu« ! I,ll 1Il!l.lisl.!\aTI' pre·fixl:!l
with net . , III order 1.0 l 'lil :nll rngc~ 1!Ilc:aJlMlla1.icm , a h llr l'vi liti llllS or prf'liXI'S Wl'fl ~ 1l~"c1
1,(1 il1flklttl'f 1 tlmt II p rm:I!c!llre or \'arillhll1slmuld Oilly Ill' IISI'l1 by lI1. h ' ~r Ilfll l:l'l lllfl 'S
J Ilernembe r thllt Tel 1.'(NilIm.l:q IWll'([ lall~u a~{~, TIi'-rr{un. lilly n'IIl I U'-Il~ 1l1'1""trill~ i ll ~i, h · 1''' '1''',
r(}l' "x lI.mple, hll.l't' to be lrh'lltir",d lUlIl iguon ..I.· "d, th lll' tb, ·I''''11 is 1'~" :IlI.<'(L By " lirlliw'l.illll;III"
romlllcuL'I,wCl,limi/LlltrlhiKClClrll l",rsillr:';,
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Figllrl' :U: l\I ()(llllHr i~a l i() 1l of the CUI Source
Pull-Down Menu:
ullDlenu.tcl [Toolbar:
Fill': t ool bar . t cl Miscellaneous:
file.tel pr ogress . t el
conf igure . t el Signa l Display: opt iondb .tel
sigdisp.tcl utils .te lIJpJlll~illg : files l et .tel
debufdn£.tel !SiIllUlatiOn: ]
s i mul ate. tel mousewin .tel
Help:
about.tel
Workarca:
wor kar ea .t el
attrib .tcl Components: Nl'tlists:
i\lult.i: empereate.tel netereate . tel
multidel ,tcl crnpdel.t el needei. nci
multiglue .ee l emprnod. tel netlabel .tcl
mult i mod.tel empT:love .tel netli st .tel
mult imove.tel cmpr ot at e. t el netmove.tcl
rnult iunglue .tel crnput ils. t el net s ol der . t el
rnultiutils .tcl draw.tel netutils .tel
insidl' till' module ill whirl l it is defined. For example, t he proced ure draw..rota te ill
l.hedra w.tel nuxlulncan he llsrd hy procedure; ill other modules, bul. the procedure
dr -r ot at e_i t emshould only be calle dwithin the draw.tcl modu lc. This upproach
is not.idenlstuceit is not enforcedby the underlying language. However, it docs help
to n\W(:II11u> lIl1'lack of st:oP (~ contro l ill the glo!JalllfulJ(·sl>llCC.
!JUI! tn space' roust rulnts, it is not possible 1,0 ([l'scribe in intima te <ldllil every
single proredure illljlle'Ille'lIlrt l hy Ihe' Cta: 1!lI'rl'fllrt', 111\)' r-enniu h i~h- !. '\ · I 'I aSI""'I "
of th e hnplementntion will IM'I 'IalMlnl1l'11 upon it1I\l'l nil dllri ll~ Illis dlHpwr . T Ill' 1",-1.,
contains suflit 'il'UI iUlrrllllll1o('llIIwntatioll , stl Ihl' tll'k IIf I'Xh'nlal lltll.·\lml'ul ill iull ill
this report should nor Prl':'\('lIf too lIIa lly problems to li llIS(' wi...hilL~ In ,'xpl.,n ' awl
understa nd the internals Ilf tIL,' pm-k;.llp ill grt'llt.'r d.' lnil.
3.2 Pull-Down Me nu M od ules
T he modules respo llsihlt, for huplcmeut.iuu l,ht' pull-down llll'lIll am i 1.1 1<' opt ions I.hl1l
uppcnr ill its submcuus uro pf('s. 'nlt~ 1 ill Tuhle :U . Ti ll' IISI' (If IIll' menubutton and
menu widge ts...facilit llt.l'll t ill' rrent.inn of t.Iw pull-down lIlt'lm. T in' prm'.'1I11 I'.' d ispah 'h
mechanism is incor por ated liS a configurntlou opt ion I,ll .'ul,ri.'S wldl'll III ti ll' menu
widget.
The pull-down menu user Interlace eompouenr is l~n'lIlt , I I,)' thl' puj I eenu. c r eat e
procedure or the pul lmenu . te l module. This IIrlK, ..lure is ~1'm'Tit~ 1'11111111.11 I.. lImk.,
th e creation and subsequent modification of the 111'111 Il;l r 111111its mrn':i lll lllllill~ 1'1111.
down menus relatively sim ple. All exampk- of th e invumtiull uf this I'Tl..., ..IIITl ' is
shown ill Figure 3.2. T his procedure nccept.'l 0 111"' list fur .'a dl 1'1I11.. town1111 '.11. to I" ,
crea ted . Each list is OOlll l' riSl~ 1 of the name lIf t ill! menn huuon, l l lf~ Itt('lIliu lI .,rIIII'
runuu bu tton along th e menu bar [ejthnr right fJT le ft ) 111111 It list uf 1II1'lt 1J 1' lIl. ri.~
which arc to bel displayed ill tile m rmspfmdinK pull-down menu. I ~;ild l nf till'S!' " lll,ril'S
arc sublists which contain the necessary information to t ~ rt'l\tl ! l.h,~ 1Il 1~1 1 1l r-ntry.
Not c that. the amp ersa nd , It, muy hI"' IIsf'll to illllil:al f' whiehdlanu~ll :r will Ill'
underlined in thc text of the menu ent ry, This d mrm:!..I 'r 1t('I1I111I!:; a Iw t 1,;'11 for
49
Tnbln:U : Pull-down~1(!1I1l ModuleRrspouslhilltics
PUTjJlJse
about .tel
configure. t el
debugging .tel
f ile . t el
punaenu .eci
Disilla.l' 11 top-level dialog lox contaiulng t.lw name and
w~rsi Oll jnfornuuiou ()f rho upplicatlon. Employed hy the
Help IAbout pull-down IIIC:II11 optlon.
Di ~J J l ays 11 {Iialng;box which lets rho user configure various
HS]Jf ~:t.~ of 1I1C GUI. Elliplo.l'cdh,\' t he File I Configure... pull-
downmennoptlon.
Contuiusprocedur es used 1.0 help ill till:ddllll!ging:uud vorl-
Iicarionof various aspects of the GUI.These procedures arc
m'('('s,,,ihlf' I'fa t.he Debugging submenu of the pull-down menu.
Contains procedures which implement several of the file rc-
lated features of t.1l(: File submenu of the pull-down menu.
Pr(WI'(llln'Sresponsihle fat' the coustrnction nudumnipulntion
of lin: toplcvol pull-down menuing system.
t h.u 1I1t'1ll! clltry. Menueruriosalong the Ill l'll1l bar call he eccssed by pressing Aft
and ti ll' menu's cnr fl'.~p ()ndiJlg hot.key, therebydisplaying the appropriate pull-down
menu. All I'lltry i ll il pull-down menncan he Invokedby simplypressing the hot key
('Orrt'~POl ll li Jl~ to 11m!. nury, For example, the keysequence Alt+F X will termtunte
till' IIl'plit:lltioll. The \·Nl.it:nl hal', ~ is used to separate submenu entries from their
l'orn':;pOllllillg lIn:d l'mlor keysequence. This sequence enables the user to invoke a
fC'lIl l1l'!' illlllll"lial,I'lr, hy pa.'i.~i ng till' pull-down mClL Usystem uhogcthcr. For example,
Ctrl+X will also terminate the app licatio n, but with nne less key stroke than nsing
Figllll' 3.1: l u\1lkillg ti lt' plllmenu .cr ea t e I' run 'tlun '
set menublor {pull_nu_creat.e {
{' &File • lef t.
{cOI'Il:Iland "Newlctrl+N- f ile_newl
(command -'Open •• . Ic e er-o- f ile_ope n )
{command ·'Save . , .j c e e r - s- file_slllvel
(command ' S' a v e A$:. .. ICtrl+"" f ilE'_s lvE'_ " sJ
ICQIIlJlW!nd ·'Configure. , . tceer-c- config_ucer_i n t:~r ( .lc O:" I
lcornmand 'E&xi t ICt rl+X' file_ex it I
I)
tho hot kl!)' S('q llC'IIC(l ml\lI tio1l!'fl ll'lOve~ ,
Pull-down menu cutrlos are nnt rp,;;!.rid l'tl to e·x('t~ ll \. i llV; rOllll11 ilWls or IIn,e'l'd un 'lol
liS implied h;.- tile figure. Entr ies IIl ll y hn\'("radio- IIr du't'k-llll l l""s 1lS."'Willtl'fl willi
them, there by Illllintain ing still(' iuformatio/l, lit tli e'.\' lUll.\' imukl' lI t1l1' r SUllll U' llllS
3.3 Tool bar Mo dules
module, 11S shewu ill Table 3.2.
The toolbar, which is c l't'a t(~1 hy eccrber . er eeee. is l1I111prisc'tl nf HILI ' liUj.\ll fm un-
which encompasses nil the buucns 1I11l! lalJl'ls ('flltillirwd with in l ll(l IHulllllr. 'I'll ,'
butt ons thomsolvca ure parked horizontally ill S ll lll ll( ~ r s u hfra lll c ~s. Th(~ orWlllizali "u
of but to ns on t he too lhllr is (1nlll rolh~ 1 indln-ctly lJy t.lw l\ssw:ia l,iv,· ur ruy t h .butt ons
which de termines he..... the buuens IIrf1 gWUI)('fI. l;;lLI:!l I'll'lII l' / ll fl f t hl~ t b .but to na
a rray conta ins a gro uping of ImUolls whirh urt' ff~I'Il'Sf 'lI lf'f l by II list nf suIJ lisLo; or
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Tab le .1,2: Toolbar ~'Ind ll lc! HespollsihiJities
r MIHIIlII'~allll~ Purpose
t oot ber . tel Thismodulec ~Oll t.lliIl S p rot~t~l l llms for the creatio n and mauip-
ulatlon of tlie tonlhar. Procedures to csta hlish app ropriate
wurklln:a t:lll1vas himlillJ,'S upou buuon aetivatinn arc also ill-
dll dl:11 luthis modulo.
'lil,maps which arc disp layt'd ill tilt' buttons . For example, the organizat ion of the
Components Luuous ill tln- fool1mr presented in Figure 2.1 was uchiovrd by the list
I-\ rHll lJill/-:shuWIl ill Fip;llW3,3.
Ftgure 3,3: T he tb.b ut to ns Associative AmI)
set tb_buttons(Componen ts) {
(cmpcrea te_a nd cmpcreate_nand)
(cmpcreate_or cmpcreate_nor)
{cmpcreate..xo r cmpc reate..xnor }
{cmperea te_buffer cmpereate_r.ot}
As with t h c~ pull-down menu, n e ll' buuous call be easily added to the toolbnr
b,\' lIIlH li~v illj.l ,.Ill' t b.bu t .tona urruy; the bitmaps which appear UI1 the buttons can
lH' rlmwn llsillj.l t l ll ~ X d imlt, /,i t/ IUIIl' T he locution of the tcolbnr is controlled by
tIll' pff H'('f I\ln~ tb.move whichposit-ions the tonlbar either to the left or right or the
\\'urkllTc 'a l'll1lvas,
In must (' ll S(~, several prncodures IIl' P invoked when n button is press ed. T hese
pmt'l'lhlrl'S lu \\ '(' two majnr responsibllit.ius. First. they kt!C11 the butto n de]lrl'~SIl<1
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until the user h ns l'it hl' r t'Omph' h't l nr a hnr lt'l l Il u' rhl~'11 "IM'rntiu lI, Sc'l111UI, tl lt ,~,
esta blish appropriate ('lll IH IS billdi ll~OIl till" wur ka n'i l whichf u rr y nnt tht'lll ,,'m til'lI
element which willbe a lfN'(t't[ h~' ti ll' u)wl"illi u ll,
In n..-complishiug th is 1it'l'lll1d rask. the p n M'l'll un ' tb.se t .bindings is ";,11...1 rur
e ach circ ui t l'lrlllCll t wh ich ;s a lrf'l~ It'd I')' thr-1it'lf'I'l l'tl l uu llla r flllf'm l iull, ,\ 11 ;11,h n' \'i·
F igure 3.4: E.'itahlishilll; Crmvns Billdi ll~S ill t b .a et .b i nd i nga
pr oc t b_ s e t_bi ndings {i t em canvas titlltU5 but t on l l
if l$s t atus ". -cn- } {
scenve e bind $i t em <En t e r > \
"IIt trib_ Si t em Sca nvas se lec ted e ue r-e ne "
sce evee b ind $i tem <Leave > \
"a t tr ib_$i tem s cenves no r mal current-
scenve s b ind Si tem <1> \
" S(i t em)_d i s patc h_ $ (bu t t on } sce nvec 'tx 'ly '
) e lse (
$canv ...e bind Sitem <Enter> ()
scerwee bind Si t em <Le ave > {}
$c...nv ...s bind Shem <1> {I
The pruecdurc will Invoke th e npp ru pria t f! at tr ib. pr uf'l'llun ', c1fo:;t'r i]w, 1 1,, 1."1', liS
t he mouse pointer " lllerl'i I\ml leaves n/fl'l:l,,,1 d n'llil, ('I"Il II 'tl ls , I' n 'S.'iillJ.:tI 'I' h~n.lrIusl
mouse button, ;ml knt,I', 1 hy <1> ill l ll '~ (:lMlf' frllHIlI,'n l , will ,lispHI,l:h 1.111' itPl'l"lIl'ri HI,1:
procedu re to per form t l ll~ openu ion on t Ill! drl :' li t dl ' ll lC ~tll , c:urn!ll t,ly ' lll,ll'r tilt ' 1I111l:->l'
pointer,
T ile actual tb.s et.bi nd i ngs p roo du m (:lJullLim; SOl Il'~ SI "!l: i ll l l~ I L'if~ whid, Ita mil,'
t il!' rol.al ion of I:OlrlJ!'" u'nts [ which IISf! Iml ll til(' Id lmwil ilTlll llli lllltl' IJlOIISl! butt ons ]
aw l 1Il 1l 1 1 ,iI H 'x( '.~ .
3.4 Wor karea Mo dules
IJmllillOxl'!ia n' lIlSll n 'llIltd tu t lU'lI"ol'knn'lI und arc prcscme l ill SIIIN'qlll'lIt sections.
Tabk- .3..1: Hlgh-lev-l \\'ork al'f'a?>,!mlll!f's
r l\l" l!III,'Nalll l' I'urpoac
at trib.te l Ilighlip;IISI\III I fl,'liigillil-\hlswo rkllrl'a eirruit elr-nu-nts (SIlC'11
us l~ lIl t l l(lIIC 'IlIS 1Ill/1 wires ) as IIII' mUllS!! pointer euters a m i
!I'11\1'S I I1l'1II .
vorsaree.ec t This urodule is l'(~spollsil,ler()rl ll l! ercano u, cnnligumuon H ill)
1Il1lniplllal.iUIl of till' workarcn up on which lhe rnmponoms
nm]lll' l,lisl.s <1 1'1' placed, mudifledHlil dc,leb'!!h~' the usr-r.
' I'h,' workanvris t' n 'a ll'd 11,\' I,11t' P I'O{'I'd UTC vc r karee.c r eat e of theworka rea . tel
IlIUllull', lis ltasi(' dnt.ios Im'l o creuefindposit ion the workarea canvnsand the her
lzoutul find \'C'ltinlls{'rnlll~ l1'S , It alSildisplltdl(,Sanothe r prueoduro to draw tlw grill
[ il ](~ Oil lht, cau\'ilS Ils inj:lthe illlt'nsily spoclficd ;11 the II s{'r'~ conflguratlon file. T he
\>flr":alGa,tcl modnh- also contnins procedures which translate between screen a nd
l'alW;\SI'Unn li lHlll'~ urul ~lllll{' dal ll ahs l.nu:l ioll procedures which r eturn tIl(: workarca
The soroudmcnlule n-latalt o lin' workaren, at tir-ib .Ec L. l'!l;I lIj.!,l'S 1111' 1'1l11l111' ntul
w idt h a rr ri but os of I'irr ll i t d 1'1I1l'1I1S lISliu' l lUll1SI ' puinu-r 1'1l11' I'S nrul h 'm 'I's 1111'1 11, ' I'his
is done so lhat, the us-r t 'Hlll 'nsily dl'll'rmilll ' whit-hr-iu-uit I' lt ' lIll'lll wi ll Ill' ani'l'l"d h,\'
t.hr.Cllr n '1l1 opemf.lun. :\Il till' !lI'Of,t'du l'l-:-; l'll llln illf'fl ill l his 11Io llull' wo rk h:1Sil'lIlly lilt'
sumc way . The p a ra u\t' t (' r s lI11h(,st' 1ln1 1't'( l lln~ l'tl l1:-;is t of t ill' wnrknn'H I'am'as \\'iflhl'l
nnmr -,tile h i!!:hlip; l lh~1 sl.a l.lls IIr thc- "'f 'I IlI'1l1 (loillll'l' normal o r se lected) nudtlu- ta!!.
or ldeurifinr or II I! ' rircnit 1'11'11 1'111. 10 ('ha ll!!.(', '1'111'prllt,,'d u n 'S ro'lril'l'l' llll' 11.'Sin'd
colour and width nu rlbu te, or t.1l1' dl'l: llil , 1')PIIll'IIl from ti ll' 1-"'-411 lrl1 ' d: ll alJas (' and
thou lilil ' tho itemconfigure canvas Will!!:l' l, l'f'lll I1IHll d 1.(' Chn rIW' IIll' HI 'l 'I 'anllll'f ' f,r i l l l
till! canvas prhnir.ivcs which rmuprise till' circuit f' lt 'IIWIIl., l-or SI)ll H' t-iu-uit 1'11' IIII'1l1s,
s lid l as wires am! puiuta, th is f\ p(~ral.iOIl iN,simplt" Sill"l' 111l',v nrl' l 'or li lwi Sf ~ 1 1I1'IIIl I,v
one canvas prunitive. For 1l111n' 1' (Jmpl k ll l l ~ I I ' l l 'llll 'll l s slid I as I-\n l l's , 1,11t' Ill'f 'ralillll
lII11S1. ill'ral,I' uver all tlm Call\1lli p r illlil.i\'('li whleh l'Olll l'l' isl ' I Ill' 1'1l'tIll'Ilt uud r-hnune
ti le width and colour aUrUm!I' for 1'1ld l primit ive.
A brief discuss ion of how s1. TIld. lln ~1 graphics un- nf'al l 'd 11 1111 I li ar l i l Jl l l a l. l ~ ) Ilsi llg
t,hl' Tk cnnvns is ill order. COllsirlt' r Ihl' sbo n 111 11. l'OIllII[l'I.l', f'olll' rra g ll ll ' " 1.prl 'sl'll l f ~ l
ill f igure 3.5, The first two lim's simply creato a «nnvnsnut! pial'!' i t 011 1JIf' IIis lll:I,\',
Note thnt - bor de r wi dt h unr] - h i ghli ght t hi ckne s s aI'!' l :a lJl'll mirl.IJd "/l l.ilm,~ 111111
control the wldtn uf tu« cnnvnsborder uud t.Iw t.ltir-kness or t ill' Ilig lllil-\ll1.fur-us l' i ll l~
surrounding UIt!canvas n~sllcd; vdy, III th is pmti1:n lar l:aSf' , I.1WYlin' h ull I SI'I, 1.0iWro,
Immllillg: that the rnnvns willhuvn ll fJ lxirdur alit! rIO lIiv.hliJ!, lJ1.rm:lls riuJ;. T IIl'IIl'x l
two lines lISl' l lll ~ cr eate (:nllWIH widget f:Ol!lllta lid 1.11 nr:al.l~ two nillva,~ lnuns . Thl~r '
1.11'0 couunauds «route 1.\\'0 Hhnr t ollliqllf' li Ill: Sf~!!.II Il:lIl,s which illtt ~rsl'd I:m:)l nthr-r a l
t.lll·ir I!/Jd Pl! ill l~ , f{Jrm ill ~ 11A ill t h f~ IlIlPI~ r left region of the canvas.
F i~un ~ .'1.5: Crpali llg Structured Graphics Oil a O lll\'aS
c anv a s . c -borderwidth 0 -h ighlight t hicknes s 0
pac k . c
.c create line 10 0 0 20 -tags x
set id [ . c create line 10 020 20 - t a g s x J
.c mov e x 40 40
.c itemco nfi'i1ure x -fill b lue -width 3
. c mov e Sid - 20 0
Th(~ cr ea t e 1~IUlva~ will/!;d mnunand a I\\'ay~ returns a unique nnruericideruifinr
n'pn'Sl ~H lill!-\ tltl' ruuvas itotu j U~I , crented, so t1Hl t I,lll! Cl\lIVIlSitem lllll)' I.e rden~lJ(111
in 1I1l' fuuur-, III our rOlh~ nxaruph-, the irll'lll,ifi"c or tIll' first linn is returned hut
di.~nlrrh '(l h.l' our s erlpt . T ilt, idl'ut ifiee of the secon d line, however, is s.lI'e~d in the
varinbln id , liSiI, is llSl'(1 late r. Also note tha t. each or the Hue segmcuts created nrc
gtvou UIl' t ag x. which ma.\, Ill' 1IS{'(1 in th e future to refer to hat h or the se ca nvas
i l ' '' lIl.~ as n singh' I'uti l)'.
Thc' Iiflhline' nr thi!script,moves 11 11 canvas items ta gged with x 40 pixels down ami
,I[) pixl'ls 1.0 lite righi, relative to thei r last position. Both lines arc moved because they
Ita\"('both hp{'u tugged with till' x tag when they were erran-d. The sixth linethen
1liOcliltos t il{' - fill ami -wid tllllt,I,l'ihllt.es of bo th lines to blue and 3 respectively
n!ing' till' i t emconf i gur e widget command. This has t llc d fC{:t OrmlOllril1g hoth line
S(' I-\ltl i 'll l.'i hhlC' uud ilLC~n'asill p; their width, making them easier tc IiCC Oil t.lf' canvas.
rillllll~' , tilt' ~{' \'l'llth line 1ll00' ('S t.ll' canvnsite m idcnt.ifirxl by tho conte nts or variable
id (t.he' sl'mml line sl'gmeul. rrontnd earlier) 20 pixels to the left . The endresu lt of
su
this sc ript. is that a V will he d ispJay<,d III a ll nlfsl't (If :1ll11b;('1s hllr i'WlIla ll~' ami -Ill
pixels \'rrtica lly from t ht~ lIPI){'r !loft roruer of ti lt' rnuvas wid~(' I .
No te tha t when th is script. is ruu. t.hc USt']" wil1."'.'t, 0111,1' thr- l' llll111I11 l i\'" n-sults of
i111 t he canvas oporut ions; the crem.ion o f tht, ,, nnd its suhsrqueu t umuiuulutlouwill
no t. h e S('I'Il. T his is because Tk , [or ('lIid t'm' J' p ll rpm,l~ , bulli'n; a ll 1.1 ('SlT t 'I'lI II pdal ,~
until idle t ime is aYailllhlt! to a ctunltv flush1111' lI pI la lt~ to 1111' di splay, To ar lllnll,\'
~'l~ th l' d r"l:t nach Jill!' (If the script has lUI th t' ('1l11\"i1S, t.llt' l'O<I!' sl'tl"t'IWt' "update ;
af ter 1000" rnn I Jf~ inserted between I'm'h lim'. T hiH('l\ llSl'S 'l'k t tl nush l.lw 11ll1\a \.t'S
to the display illllllcd iat.nly und to wa it. [(Illll lll illiSt'l'llllds (Ull l' :-il'I 'urll l) :-ill Ihill tlu-
user mny see thl' lncronn-nt a l d fl '(' l s or tlw St'ri pt.
3.5 Compo nent Modu les
Components represent the dm llrmtnry flllwtinl\al IInils of tht, r-irt-uil amI :l\"I' n' ll-
l1!;'icn tl'( l gra phicall y 0 11 t he wor knna ('nIlVI1S by II)~i(: J!;nl''S' Thl' i lll l' h' Il II'1I1at ioli
modul es related to the ronsu-nctkm am l !mIN'l lllt'llt, mauipulnt.iun l .f C~ IIlII H Jl II'li ts <l",'
presen ted ill Tab le 3.4 ,
3.5. 1 Component Creat ion
Whcn the nscr clicks011a cutnp rnmnt bu tt on inthe tuolba l', a workal"'i1ruuv as hi ll tl i ll ~
is (!Stahlish (~1 which will res ul t ill Ult ~ c renuon of t.Ill~ Sd l ~: tp, 1 l'Ulll l." "1'UI. when til!'
mouse pointer enters t he enn\'as, The CClIlI IlOlU!Il t.St.hl !l l l:-il!lvl !Sart ' l :llIl ll llI SI:l l l lr Sl:VI' l"al
canva s primit ives, such n.~ lines , urcs, n ' (; laJl~ tf"~ undovalxall of whir-hurn l.ilj.!J!,l'r1with
all ide ntical t ag. T his 1~llil !J les all till! prirni1.i\'f'S tu lw t.I'l'awd as 11 sillAI!' I'Jl1. i t.y by
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T lllJh· :J.'1: CUrnpr l lll'lIt Cn'at illtl aw l ~lll tl i" l l l a1.iun :\Jodull's
~"'arr ll ' PurIlIISC:
cmpc reate .tcl
cmpdel.tc l
cmpmod.tcl
crapmcva.ucI
cmprotate.tcl
cmputils . tcl
dr a w,tel
l lli' illlIJ11'lIwlltal iun.
T his lII ml llll! is n 'Joipnllsihle ful'd ral\'it1~ am i plad ug thecorn-
PlIlWUl.S on til!' worknrcu enucus. UHl'S th e dra v ccoepcn ent,
pnM:I'(l lIn' in t ill' drav , t cllllodn ll!,
i\ h K!i~v t.hl· nttt-ihutes ass()dn lf'c! with it component. Cur-
reutly, 110 nltrilJ11l c'linn' supported: bUI, ill lht, fut.un-, f UIIl-
PUIWIII uunsport lkla," willbeprovldel.
~llll"l' l:(II Il!IIIIll' l\ l s IIU t l\(' eauvus. P roeoduros IUllSt. alsn mov!'
al l)' wirr-smill ]Joi nts at,t.lld\l'd tn the purlS of tln- c-omponent,
~I I Klll l e to 111111((' l 'UIll JlOllt 'nt.~ Oil t ill' 1'iI1I\"OlS. Em ploys ti lt'
dra v.rcuete procedure ill the dr alf. tel unnlule.
i\1iSl ' l'lI ll ll( ~lI1S low-II'11·J helper procelun-s [(·llltrd tn rompo-
1 1l'1l 1 ~ , S lll:h ns overlap dc teetiou ami hlcnt.ifleation.
todrnw Hllli rnt l1ll ' m mp( 1)l'llls nil thel 'l\n\'ns , Also mnl11ills
(1)(11' [0 dd t'l'!u ille tht' bouudiug b ox Ora l:nll\'aSiu-ru.
For l'xnm p ll', rousi dr-r 111l' roustruct lon uf l lU' NANDg:l1tp prt's l'uttxlill Figlll1'3,6,
Tilt· t.Wll input ll\ltl~ 1\1111 (11\1' output port. are rectuuglcs; the t.hrpr wires Itw ling
fnnn 1111' port s IIItho (,OllllHlIU ' 1I1IJlId~' a rt' singlo !illl' Sl'gllw uts; r.hoonu poneu hod~'
as
b ()lI}' ad j al"Ml1 In lIU' II11l pU I l,nTt b an an' lUul l lu ' sor I'i l"r!>j' i:< a ll tI\":I1 p r illlilil1'.
('oinoo{' wi th Ih{' inll'rSt.,·r illll "l' lwo' ~.l l i l l\'S. Thi s iS~1 Wifl ' I )l ~Ii I S . whid l OII1'at"' l
F'igufl' :\.6 : Primil i '\'I' ('~ II 11 I II'l'O; l i'\1I I l f ;l :~.·\ NI I ( ;lIl .,
o 10 20 3tJ -\0 flO 1 ~ 1 in ~11
o
10 .
2(]
···· ··;··· ··i··
Thes e lIinl' "rilllili \~ an' all t a~1'1! wit.h a 1I11ilj lU' lllllll:l llllllll'rk IIl1l1l1' W"IlOT.IIo, 1
by thl' \lnl("('(llIrt~ d r ..generate .tag . 'n ll" In" mlt"is ill "I' tln - s itillll.ccap, flll l. ,w,..11,.\,
t h e IYllCOr UK' ~atr 1I'1Iidl , luturu , is follow., I I!)'llw liI";lll llumlorT fliT that ~i1Ii'. ,\11
t hese l'le ll lt'llls or ti ll' ta,q a rt' ~'l llI ra l (1l l ,y 1Il1lk'rsc·UTI'S. Thc'n-Iim' a ll I IU' l'TillI itiws
(~Ollll,risi lig lhl' r ig hlb N.-\ND WIl' will Ill! l ll~r,1 with tlu-s t ri llJ~ cc mpnand. B.
The T el prot:I'(lllll'liwhir-hIlIlilel a ll llll ~ 1!;1Ilt'Snre- c, mlllilLl'C! in lIlt, d r aw.tcl tUI MI·
Hie . AN IlII I-Xlllllp ll' or s tic h n pnn-eulun-, t:w lsilll'T 1.1 11- n Jl11' fn lgull ' lI l, ill "'iv, I II" - a.7.
T it!' col our andwi dt h \'lIr ill htr'SIIn ~ all rll'l.'-Tmilll'c1 fTUI Ul.I lf~ Tf'SIIIII'CC ' ll;tl<l lms,'. TIll'
compone nt IIncl)'alll lllll~ NOT circl e al thr- l'ltclflf I IIf' Itll ll'. · l' hl~ d r. po rt8 pn"" lttrl-
NIIIl' II1IIlall II,,' f'U1\'~~ Ilfi mi l il'!'Swhi d l rna kl' Jl]l lI '~OIl1 lllll" 'Ilt. all' l;i\ '!' ll lhr IliP;
cceponem. Th is till; per mits IIll' illl l,Ir'III I' lIlltl im l In quk-k l.... t1 i~ r i llg1 1 i..J J ;t e OlJl llIIUl ' W
prilllil.i\1' rrUi rl II J"'ll i~ 1 I'rimiri\'p 1111tlu' l ' II11'liS lIlull"11lt it" hnplcnuntntion illl'lili fy
1'Il111pln1l'llls l l l l r iuj\nIH'r a tiOllSwhirl1huv o ('UIllJlOIIl' lll s IIIl t heir la rgds
Fi~ll n ' :I.7: Tel Cml,- III llllild IIN..\ND G1III'
. c c reate line 4 0 0 10 0 10 40 40 4 0 \
· f ill sccroc r -t ags -ceep cne nt S taq:ulII~e - ·wi d t h $width
. c c reate arc 20 0 60 40 -sta rt 270 - eltt ent 180 -s t yle arc \
·f il l seereu r- · t ag s "C:OII\p o nen: ti tagnar:le - ·wi d t h Swi d t h
d r_wi re s_no t $tagnalle \
1110 10 !I 10 ) ue 30 !I 30 ) PO 20 7!1 20) J {50 B 70 2 5J
d r...,POr t s $ tl;nolllTle \
li npu t 10 !I 5 151 (0 255 35)1 {Ollt pu t (7515 8 0 25 })
1l1li11N.-B '/) um l ..,.vI) Jl;i1h'!i. lll'pl' lliling Ilpllh i l l' I'mlt llll ' l cni. T hC'rd lln -, I Ill' eetunl
"IIIIn'" 1"1 1111'fill' l'llllsrrurli lll!: WIlt' s is il li ltl" mon-(""J1Jplinttl't1lhilll r.!lill presented i ll
Flgun- :1.7. Cl1fr1-II II~', Ih l' inh ' r f,WI! ISliruited to n t'utllig til{' eigh t. gall'S montlnned
in (,ha plN 2. 111 Unlt'l' In l'x\1'1Il1 tlu-GUlln slIllpnrl o ther gates or hi g hl'Tll'w l
60
pr ill lili l'('S,
Upon co nstr1ldioli llf tlw Allie'. it is illlllu'l liHll'l,l'lJ Hl\'I~ 1 f1'OI11 its llri/l.il1 intln- 11 l'l ~ 'r
lof t, of thl' c anvast o 1.11'I'lIlTl' n1111I'a l illunf ll \t' mUllS!' pninn-r o I11Iwl'al l\"lS. H" t'aIlS"
rnuvns llpdlltl'San ' hum'n'd, t.ln- uxor will1101 Hnl ict' t ill' I!.a lt' ]H 'i ll l!.cl ra\\" l\ illitia llr in
t he 1IPIII'r l eft comer (l f l l ll' l'illl \· iI.~ IIC' fu l1' it i s mll\'pcl tu 1111'r-u rrt-nt lln lll.'I' lm"11i"lI.
A bindi ng is 1~l nh l blU'f 1 so tl mttln- II ltlt iu!l n f themousewill \" lllSl' t li t' ! 'UlIl ll l lll l' ul tu
1I10\'1'1lI'ro:-S the ca nvas . T ill ' OUl('IJI I ll u,l'S~ri clll l ' l l I' I ; u '('1III'lI t 1'<11 rbnr tlu- n'lIl llt ll Wll t
w i ll 1Il0\ 'l ' ill d iSl~rl' l l' steps a t-russ t h l' C'nll\ 'IIS Sl I ns 10 )ln~I '1"\' I' t heh- l1li l!.l1l1ll' l1l with
th e canvas grillli llc s , This lI1akl'S it , ('/lsi('r to p!<J('I' a nd illil-\l1 II lI' ru Uq Hlll l'1I1l' , 'I' ll<'
s:"Il('hrnl1ol\s molio ll llflhL'eompom-nt. with l il ( ' IllmlS!' i.~ h l'Ok(' 1l whenr.lu - IISt'1"I lt ·.. .~Sl'S
tho leftmost l1I ()IlSl ~ burtouwhichnlli xl's I hl' ('om pull!'1l1til it s ('u rn'lll. p tls;l illll ' 1I1 I III'
3.5.2 C omponent R epres e ntati o n Ar r ays
T h e n s.~lleil\ti\"l' /lITiI,\' dra w_params b Ilsc'f l t o stun- vnrious a U r illl ll p 1'< ]"I ,lalo'oI t,,, n
componenr.. [ I. is i 1l( I ( ~Xl ..1 by a l'Ol l l l lll Jll'n 1. l all;and II m lll l ll l l ll 'lll ;1l. 1,I'iI 'lIt l ' . ' J'ltl'
nt.r r tlnues onrrcntlv SlIJlIHlrt.I'd m(' canvas, c o l our , wi dth ail e! o r ient , FlI r l'xaJll pl",
if t hl' ortcurauon o f 1111~ rompoumt with t<1~ comp_na nd.8 b ('IIr Il,tlll.v 1/111 r1Pj.\ IWS ,
the n the vn lue of t1w array elcnwnt d r a'>1 _pararn s(comp_nand_8. ori ent ) willIII' 180
The canvas attribute iudicHt l's i ll whk-hfHllva :-> lh( 'I~O ll ll IlU II ' Il 1. rt -sidl'S, T llis llu fi l, u!c'
exists for fu t ure nxteusibility of 1.I 11 ~ C UI. ill whlrh lIluJlillll' v iews of 11 d Wll i t. " VI'I
several diffe r enl mU ViL'iI'S li la)' I H ~ po :-s i l l lt ~ . T ill! colo u r aU rillll l.(! .~llm ':-> t.IIl ' I·II I'IlIt" to
Ilf' used when druwiug 1. 111~ pri llliti \1~ : II.\'drfuu lt. lhey suehlnek . 'flu' wi dth a1.1. r il ultl'
iu d k atl'S ti ll' ()lltJ i lll~ t l l il:kr ws..~ IU 1m m;l~1 whnn drawing the pr imitives which llI i1k
Ill' I,h!: I:fHrIIU,rwnl.; h}'dl!fa llil thl! widths ar e Sl:1 to one pixe l. The c!{!fnult values
fo r 1.111' iui t ial mlour nnd wldrh of H nJlIIpollelil rim ho ehallw~1 lI ~i llg tlie np tlon
I l al. l\I ~L<;(" "I'lu or i ent nU,rih ulr.,a~ i\lllld(~d til nbuvo.~tun:~ the current rotat ion of
1.1 11' ml1lJl0ll('\I1.. C urn'ully, "h(~ nrierrtution of a eompmn-nt 1I1Il~ t uo Oll! ' of 0 , 90,
180 or 270 . TIl!' pllrl llN~ of till:dr-av.pararaa m,~ociat i\'C arr ay is to cut dow n UII
tJw numlll'I' uf ~1(j 1 >il1 vnrluble, nl illi n 'li h.l' t.he draw. tel module 111111 to relnce the
I II I I I II)('ru f parnmeters whlch 1lI 11~1. lle lli1AA1't 1 among p rneedures.
AlloUlI' r arm,I', c mp.coord iH 1I ~l'd W store [hI: location of the component Oil tho
ru nvns. II. lew, i~ iudexel hy tiL<' uni que tag 111\1111' o f tlu:componrut ami conta'us
1,!It' runvns l:mmliunt!'Sor l.lw \:1'11(1:1' o f llll' eOIllpOI\I~lIl.. hi rt~t r OS]lI~:t, t Ill' eep. c c crd
arr ay reuld Iwl'('IIl'eli merged withthe dralLpa ra:ns army, so as 10 limit pollut.ionof
I,ll(' ~1{lhal lll1lll(o;,]J;u;(,.
3.5 ,3 Component M anipulation
CUlllIHUIl'lItS um nmnipulntud h~' ~d('eting au lIpl'rat ioll Irotu the toolbar uml thou
{'Iil-kill':;1 1 1l~ llflmos t, 1II(l1l ~1~ hutton 011 till' ta rgl:t m mpnnruit. III orde r to umko tho
Sl' II 'I' I,iOlI of till' rompnnenl, l'as ic'rfor ti lt \1:1<'1', t muspnrcnr houndingbox es III~~ p laced
on I.ll Jl llf loOlllJllllll'lItS 1I'11I~1l they nreeroatcd. T Ill'S!! bou ndingboxesmake components
('llSil'f In !!:rah by pn l\'idiug a gfl'lllc'r urea on t he Cll1lVilH whir.h call be clicked OIl hy
Ih l' user. \\' illllltl\' t.1l1'S(' hOlllulilig h mw:;, rho UOC'f would hnve to di ck on the thin
ulll,linl'nf t Ill' pfilllit,i\'('s nf Ihe component ill or der to pcrlortn tho desired opern tiuu.
Ead l rempouent bus (,11'Il typos orbounding bOXI'S, cad , l -vhieharc tll!lllf!(! with
li2
bo unding bo xes . 0111' bonudlug box I' '' ...·rs I!II' l'l ll in' c' llu\ >I'lI\'1l1 h" ll y llll i l il l" IM.tll' ,
whereas the sl'c'Illld bOllnclinJ; hox nlJl~' l'm" l1Il>;IS-"t'S 11M' n llll l>llll'ni I M \l I~'_ -li>AI'lllO'r ,
these two bouud lng IMIXI'S ptl'\ "{,ll ("{Hu pu m 'lIls rrtllll ( 1\1'1'lappill~ with oru- 11l1>1I1i,'r
Rnd ens ure thnt ir II win ' m" tb' IJIol II 1' " I1I1I1,lI'lIt, it Il' M'It "' . " lIly nt ti ll' 1'00tl" " r \110'
eompouont.
Moving and Dele ti ng C omponents
Delet ing ali t! m ovlng t"UlJlptllLl'llt s is tdati""l,\' sim l)II' IIsillV,'l'd / Tk , ' I'lu- " Ill," di lli·
cult IlS PI!C1 iii ll!llllltiug li lly win'S which a n ' I,(Hl ll'd l'd to tlu- cumpum-ut, \VI Wll l ltl'
user selects II component to 11l 1l\'1~ ur Ill'k l.l'. all Ull ' wi ll ' !lllin ts whie-h un- au adu, I I, .
clllp_get_point~ids , If the IlSl't is dl'll'l illJ,!; till' C'U1l1l' ll lll' ul, 1111' intl'tllal lll'ti isl. tl' l " l "
scneet ton is upd ated llsing t hl' nl't lis t lltili t)' pn""IIII"I' net . list.r ell.,ve. por t wllidl ,
ill (' lfC'Ct , disCOIlIll'Cb; thl! purl.. Ilr t ill! romponent Irom Ihl' ir rl'S]" , -t i"" lll't l i sl~_ '1'1."
ca nva s delete co mmand is 1111'11 USf'lllo t'(' llIl1\'(' tl l(' (' ll1lIIlIlIC'lll fnuu till' "" ,.&';.11'(\, If
t ile user is lIIo" ing a OOlll llOUl'nt . 1111'11 II hilli liu lt is (oslIlMt..hee l ",hil'h ('nils l lll' ";wv;,s
e e v e command to ndj ust thl' l"ottillll lJf llll l (~ 'III I M IlLI 'l l t IIS ti ll' " .o;f'r m,,\~ 'S I I", IIlUIlSl' ,
T he cud IXlint s u r li ll y wi fl 'li wh ich arc t~nlll ,,·dc..1 In l ll,' I M.r l s IIr t l'l' "" llI lllon" " l.
ure m oved ill hn rtn nny wit h t hl' I:Olll I'U III ' Il t. itsdr ll sill~ 1.111' net list u t.ili ty pn lf'r ~ ru rr '
net.doJllove_poi nt ,
R o tati n g Co m pceents
Hulati"n II " 1Il11Ji'lIll'nL" flmif'lIt(')l1 II. dlallen~ sin ce Td/Tk d0C5 no t directly s up-
1Ji')f\. t i ll ! rllla tioll II l'.Jlfl\'a.~ jJrimit iVf5. T ilerd'or c, cl!..rn pr lmiu ve \vhicb com prises "
" 'IIII)llll('llt bad lll I". rol.at(')ll indiv idually usil JI!rota tion matriCCli rcpm;('lltc<l mathe-
Il lll t il:lllly I., t il l! 1!lIUlItiollS shown in Figure 3 .8. T he xp and YPvariahlrs represent the
n 'lIll' ilmh" uf l l l l~ lirimil.ivt"ias dc'l l'rmiuct! II)· t he canvas coords command wh ile xc
HIIIIyc n 'pll'Sl'1lt t1 1l~ router of rotation, wh ich i.. simpl )' the center of the co mponent
F'igIl11' 3.8 : Rotat.iou Eclll.at.inlis for Cum'lIs Primitives
set dr _r o teq fx , OI { e xpr $Xp }
set dr_ro teq fy ,OJ { e xpr $yp }
set dr_ ro teq {x, 901 {expr sxc .. $yc - $y;I }
set. d r_ro t eq fy ,901 {expr $xp .. $yc - $xe }
set dr _ro teq fx , 180) ( expr 2 • $xc - $xp J
set dr _ro teq ly ,180) { expr 2 • $yc - $yp I
s e t dr _roteq lx, 270 1 { e xp r sx c - $yc .. $yp }
s et dr_roteq ly ,2701 I e xpr $yc .. $xe - $xp }
T Il(' p m c" ll1rt, dra ll.rot at e is t he main proedure rffiPOTlsihiefor rcuuug Il. COIll-
IMIlII'llt . This prco-bno simlll)· iterates e ve r each o f t ile primitive ca ll\-as ite ms of"
nllll lMlll"nt IlII1I invukes rhc proceduredr..rotat8_i tell which makes usc of the trans-
fOrJlHII,inll rquatious La rotate ('ach orthe primitives. l1JC nrc primit ive pn...'SC lit ill
I Ill' AND and NAND I:"n l(~ lwei to be' trea ted as II s pcdn l case hy t his proced ure. As
with I ldl " , i ll~ and lllovilig It component, t h e wires connec ted to a com ponent h nve to
1M' m~lIs tl ,, 1 NIl liS In ~ t llr c'OlIJlI'CtC'<1 Latile ports of t ill' ecm pcnc ut.
3.6 Netlist Modules
which are logicll ll~' N:I.h1twntdllrill ~ the n l1ll'S(: HfIt siuurlatinn. T ht' 11I1...IIIII-:i whii'lL
create and m ai ntain t he lK'tlisu- ill till' \\"Orlclrt'i\ 1 'P1I \~IS lin' 1M1'l'l'lJlt~1 in '1'111r- ;U "••
'Tnblc 3.5: Nel lis t Cn'lltio lllll1c1 ~ Ia ll i pulali(lll Mnd llll':i
ModuleNIlIUI!
In.temte . to'
netde l.tcl
net label . tcl
netlist .t e l
netmove.t el
net s older •tel
netutils .tc l
Conta ins nil IIll' I l f(ln~l lIrt ·s 1l1 ~1'SSarr rlll' tlu- rn' t,ti l l ll ur\\'in's
uml wire points 0 11 I.lin worknll' ll . S IlII[lOl' \.S rllbb,' 1' 11Ilid ill n
IlS\\'r.lI11s gridllillg"lIrwin·slIlIc1 win ' piliIll,s.
lug, lipliH ill&il.II(IIlUiliug: l Jl'll i~t.N lIn ' f1UtLlLilll'li ill t1.L'llrltl. l-
ule.
P rocedure, fur lIlovin~ wirr s 11111 1 wire pui llLo.;.
togr tl ll'f. E."'iI!u tiaJly, l lu 'Sl' jlr lll: f ·, l ll ft'S rI IlI1U1:llwf'rlaJllli llP;
purts, poinl'!and wirt,; t,o A"!'l lu 'r .
Seve'ral m;SI:dlalleolls IU"IH:I:dnres whkli I:rl :at l' al ll i Ilmnillll-
lnte indi vidual wires Itlld win: IJIJilll...
3.6.1 Ne t list C reati on
Aftl'" Sl,II'd illl( the rwl.lisl, CREATE bu tton fro m the t.oollmr. a pmrrxlure named
net ca at .poLnt, is invoked to eruueu wire point cnrhtimc theuser Ilrl'sses t he lelunost
UIUIISf ' Lutton on tlw \\lJr kll rl~a rnnvas. Uplln «rcauon o f lilt:wire point , rnpnscnted
1111 IIw II'llrka r l 'H hy 1\ /lol.\'h'O!l primitlvo ill the shape of Hsmulldlmnnml, ;1wire SCI!;-
IIII'll !, is draw n Imm t.he wlrc Jloill!'1,0 t he r,lIr r CIII, posi t ion ort he HJIJll.~e pointer. A
hind iIII( is f~ma1.I~ 1 which (l Il ISI'S l.ln: f:nd Iloint o f tht\ newly create d wiret.o follow the
Iltlf l .iOll llf tl lP. 1lI1H1Sl', d[l~:t i vd.v ~ruhbpr bantling" thowire. Wlro points a rc snap p ed
III t.1lf'1l1'lIn 's l. int~'rscdi H~ jl;r i d li llI'Son tho works rea so us hI muke ii,easter 1.0 a lign
d l"l~lI i ll'l('n U' lI ls wit h oneauothor.
[ ll 'fort, ad ually la.villl;: down II wire pohu, ne t .set_p oint first ensures that. t he
I II fi liI. is nul. III'ilil-: p laeed lnsido till' hod )" of II couuonout. Theil, if the user interface
has heen (:oll fi l-:Ull'd t.n perform nutoura tic solde ring, the proc~durl' willa b o atte m pt
In suldur l!I!' Iw\\'I.I'creHtl'flpoi lit.IIIany ports, w ires or o r.lrer wire pointstha t overlap
lI'i1.h its p"sit inll. T Ill! net_set_point procedure maintain s two listscontaining the
rnnvax illl'fl1.i fil'rs or the win's andwire Jllli llL~ created during the current ucUisl. ere-
ution npenu.ion.Theso l i ~ l.~ are enusnltcd to de le te the last wire and wire poim fro m
t hl ' worknrt 'a ('a llms should the USI'r press the BackSpa ce key. Likewise, these lists
an' a lscl IIwd to dl'lpl,e nil thp wiresand wire points created should the use r decklo t o
ahure. l , h(~ l'l"1'nl. I' ll jll 'r atioll lIy ptl'Ssing ti ll!Esc key or rightmost mnnsobUUOlI.
N(' I , Ii~I , plmw 'llls (·(msist.[If wire ~l'gl ll cll t.s and wirepoints and cach are taggrd with
tln-IlIUIll'S wi re uudpoi nt , rcs]lI'fIi\·c1y. llot.1I uctlist elements also receivo the tag
net list II'hid l SI'rVI'S to l1ist i IlAni~h thc ru from components. III addition. allnet.list
00
el ements whi rh compdso ... sill~I{' l\r llist an ' l ltAAP,1 w ith a IlIti' IUt' Ul1l11" wllit-h ';"'1'''':';
t o identi fy the uerlist as II sill~I,' c'lItil ~·. The forma l , If Ih is nethst lal-: 11,1111,' n msisl s
of the !ltring netlilt. fnlll lll"IIJ.\· tlil' S('(llIl' llll ' 11 1111('1' of till' new Ili'lli" l. "!1It. is
s imil.1t to the t l\ggill~lIlNrhan t.ll1 lIl'o1'1l fur ('ll lll l' ulu ' n l " , Ftlr j,,.;mlllle·. a ll II", win 'S;lln)
wire poi nt s of th~ four th IIr lli.'IC I~ n'll h"l l hy tlll' IL'>(' r \\111l1c 1 1" ' IIIAA", l wil h IIll' :;Irinl-l.
ne t1i stA, iXl'tl is t taR uames an' A<'IIl'l1ll!"l II" ' l ll1' IJr l l('l, hl r l ' net _list _genc:rate i d,
D ynam ic Ne tl is t Identi flcat ion
By tllggillg curh dl'lIIl ~ rl t. llf ll lll'l,lis1.with 11 1I11il[lll' 1Ii11l1l'. 11l'l li"l l'xl r,ll' li" 1l hl " II!1I1'S
muche1\1ij('r andfa s ter, T his Ientun-,kllOWII liS tl,IJlWlllil~ Ilt'lli,~l i,I,'n!ijimlirJIl, ill l'uh'I's
t he 11Iggillg llllli r(' l ll~in p; or I1dlil-a. 1'11'lllI' lIl.s liSth t'Y an' CTt'all, 1mill 1Il1llnlil'll ll,\' t ill'
u se r so as 10 rdl('(: t th l' II, '\\' nt,tl ist {'lIIl1ldi\'il~·. ..\ 1'1 tJ I{'lI st 'r ('n 'llll'S 11111'\ \ ' lU'llisl, IIll'
pointsand will'S cOlllprhli ll1-;tlte Il(' t lisl lln' l lI~I'l'1 with IIII'II l1illlll' upl.l isl lIalll" , Ifl lw
user solde rs h\"f) uC'tlislJ; t OI-;<1IIl'f o r "plit.'; h"' l 1I1'1!is l s upa rt, 11"'11 t ill' lUoflisl I:IA"an'
and mod ified , th us el i lll itmlill~ till' IIl'l'1'! fu r l'llJlI'IISiw lll'tlisl t rll\·.' rlio1 r~ 1,:...11 l illll'
th e user wishrs to :.illlulat!' till' «lr c uu. Further lh' l-niis ",~an l j llJ', t ill' sul.h ' r inJ',llllll
spl itt ing o f net lis t s IIIl1I t hl: sullNl'( l lI l'!lt rCl llAAillJ1, a n ' pn'Sl'n ll, I in ;\ 1;1\.1'1'SUl>Sl1'liull,
III ad d itio n to Jlerrn it till p;l'llsil't lI{'t list ('x trm' t iIJlI, llYllOllUk l...l.lis l ilh'nl il ir':ll il '11
ulso serves to help cufor ce umny of thr- rlosl,rid ill ll!'; with m~IKd !.II IIl 'l. li~l 1'1.\,1111..
Because sudl rest.r lct lou» C'/1I1 hI: ldenufled quickly, , III' n UI I'ltIl pro hibit I'" lt'llli ,.r
layout er rors lntcructlvnly. For exa lll ]lll~, ns illV;dYlIl\ lIl il: lIl ~ t , 1 is1.il h' ll l,i l k ll l,iulI, t ill' {a ;I
ca n dete rmine ill consuuu l.iml· w lll'l hl'r or I Il,l llll ~ IISt'r is a l l,{'IIlI,li lll-\ l.lI ilJl r" dll l1' ;j
cycle i ll a lIet list .
cr
Ihill~.IYlllllll ir lll't iist il ll~lItifkitt ifln , it is wry Sillllllf' lUillll' [ClllCllt1\ feat ure which
willll'l t1 11~ ll~~r Sl'l" all tht! win" and pflinls whk'h comprise it single Ilf'tlist, Users
r:1IIl, it,liIi ~h t lUI"I Lin' IIf'1li"l hy usiUI;1!lI' NETLIST tnn]hllr lMlltllll , This Ilroccdllre
rrr'iltl'Sa INlll[ill~ ",hidl i.o; IriAAI'ff"l1wlll'lI(,\1'rt ill' user IIlUR'S rhe 1lI0 llSC pOinl('f'inside
II IIf'Llist 1,1"11I1'111 , I\.'i shewu l,n '\'iuIL'ily in F'iltuff' 3A, T ill! illllll"IllI'nUllioti e-xtnll'llI llic
llI,illlll' IIf't1iSll lll; Ila llll' Imrn till' lll'll isl, 1,lrUll'Ul illlli r-h ll ll~''S t ILe- t1,klllr ilttr illllie flf
all l lll' i ll 'IIlS "" L11'"lUlI'as hav i ll ~ thai t,HI; lIlUltf', The' Iwll ist is de-hip;hli,:;hlf'tl when
tlu- mOilS" pui u l.I'r II'm'l,!;t il" uet list 1'!l'Il1I'Ut.
3.6 .2 Ne tli st R epresen tat ion Arrays
III unl l'r III illll'fIIall,\' (1!pn'sl't l1. r!... lll'llb ls aud thr-ir'!Orrf'SIJllud ing eotnpo ucnt rt ur-
1I1,'tj \'it)i, t ill' Td /Tk Sf'ril,l 1~lIl plors Sf'\1'r1\1 glolml assoehul ve ar rays. TIll! ami)'
1I1l1111'S. t lM'ir i \lllil~ mlfltlJl'ir ("();;II'llls Rff'showli ill TRill...3.G. !\oli l:f' tfl:u lIlIlI.'~
l'ia t i,'" nrtuys whirh a l"f'iUIIl'xrd I')' IXNIII idl'lltifie-n; nil'! pre fixed with pnt , \\,,1I('11':ls
lL....-';OlTialiw arm Y'"illfll':'I'I1 hy netlist lllit IlHIIU':SafC' l)f"{'fixed with net.
t\s 1111I'X11ll1 1'!c' fI( 11011" lll,t lisl<; a ll' reprrsenrcd illt(,rllall:,', t'lmsidf'r the inco mplet e
t-in-nit di1'ljJla.",1 in F'igun' 3.9. fklll('mlX'r Ihllt nll ur-wlj' created cauva s items arc
as.'ii~ III, l lllli q lll ' nnmorieil ll'll li!i,'n;~) d lat IIII'Y1II1lY1)(' referencedlater on. Hnwl'\1'r,
filT d :lril,\', I'Hpil;II [('LIN'S will Ill' IN'l l 10 represent point. identifiers, illle'!-\I·n;will
n'lll'l'Sl'1l1 till' illl'utilil'N of wire' S\'gtIWIIIS 11\](\ ]llwrT/:nSl' loners will represent por l
idrutil il'rs (111111,is, I,lli' id('ulifipfS or port reelllll!;]"S), t\ sllad('d por t indirnt es tha t
thl' pur f has been ('0111 11'1'11'(1 10 ure ()\·,' r1a l'pj u~ puint , The sans serif font repre:.;clIls
1I.,t,list lahl'11'1 1,lnt" [ 111I lll(' worka rra hy the user via rho Netlist l abel din log box:the
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TabJt,3.6: NPIlisl Rt'I' l"l'SI 'llta liol1 Annvs
1t'l1I1Ilf' I'11'l lt t>I IIl '
'oltsisti llg of II purl
' 11 1101 1111' poiur,
xtunl lallt·l for l ilt'
·r t·ouIlI'c·l.pd lfll llt,
AHa:,>' Xallw Array ludcx ..\rra.\· ('tll LlI'
pnt ccccr'd point il!C'ulilil'r ("', 1/) t 'noff ti ll;ll l '.~ {II"tln- pOil
pnt _wir es point i<!C"n t ilil'l' List of win ' itll'lIl if i t 'r.~ adjan
pnt . por t point ldcutifu-r Cunvns itkll1i li~ '- 0 1" t.lit' plll
pniul (if a pplira hk).
pnt_ l abe l point it]t'llLilipr Cnuvns iclc'lltilit'r of t.lw n-:
puiu!. {if a JlJllit'al llt,}.
nat . pcr t .e tlet,lis1 l ilg mlllll' List. of ports t 'OIl 11t't ~1t ~ 1 to
t'llIt'ut,ofl ]u' lisl,isa lll1il' t
1"\' I H~ ;llld tilt ' point i,lt'lIt.ilit
pert.
net..narne lIct.lisl. t.ag uatue TIll' textua l IUU II I' 01" tht· lit'
t ht, nu-r via thr- Netlist Labe
uumcrtc ide ntifier assigned to t his tex t lnbcl h.\' T k willhe rt' 1'1"I'S('I II,t'd It.\' 1.11l ' 1I11,al,ioll
itI(labell.
TIll' t aw; fur ench of th e JloiU1S and win 'S for t his d rruil, art ' SlloWII lu Tal. l1's :1.7
and 3.8 rospnotively. Note t hat nil po ints hm'l' ht'{ ~1l J:;i\'( 'lL ti ll' point lal!,nnd nil win's
hav e been givf'lI t ill' wi re tng. Al.-;o 11011' tl ml in mltlil,ioJl 1.01.\11' net li s t I.ag, all
wires alll l pninta have bne n gtv onIt sp('('ild 1I 1 ~ 1 .l is t idt'lIt.ilit'r t,ll/.: IWIl I!' which sr-rvcx III
indicate to which norlist the wire or IJOint btdtlllgs,
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Po int Ar rays
TIi.. four poill1. arrays rl'!m'SI~ lI lillV; t ill' r-lrcult an! shown ill Tab]I' 3,9. TIi(~ P IlI'IJfN~
nl' I,hl' pnt icoor ds urtny is fairl," s traill;hl.fol"ll'ilrd; it, allows (,]ll' illlph' l1Il'llt,ali(lII If)
'l"il:kl,\' illTI'SS tIll' l'lltln l illl1t~ orII H~ 1;('IlWr orthl' duuuond-sbapcd POIYV;Ol1 itSI'd\.0
n'prlOSl'lIt wil'c' p(J ill l.~ nn therunvns , 13,\' sturi nv;tl l(~sr toorcli ll a1.~ , the imphsncntation
n' lil'\1'Sil,sI'lff mll1ha\'ill~ 1,(l I'I'(:akll[a l.r the «enter of the puint, bused upou tll(' canvas
l'OlmlinallOS l.ftl ll! ! )o lyv;otl . II.alsonmkes the implementationmore resilient to <:I f/lUge
should a dim'n'lll. slmpl' hi' used tu rt'pn 'sent t lll~ wire points,
TIll' pnt .vrre e array l'H1l1/1illS \.III' ideutificrsofallthe wires IlIljael'l1t to a gh'l'll
wtn- puiut. idc'lllilil'r in 1.111' IIl'tIisL CO IIS('qll1'Ut.ly, lIll' degree of a point. eau be deter-
milll'tll.y simpl," limliuJ:; lill' number (If ph'1I11'1I1sln tlwp nt _lIires list that CUl'I'l'SpOllcls
tn lhl' pnint. ln Tel. th is <:<111 Ill' eccomplishod with a call to tht llangth list proee-
dun'. Furexnmph-. $pnt_wi res(G) i ,~ {4 56}; hence llengt h $pnt _wir es( Gl is
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Tllh ll· 3,.: POili1 Tags fur thl' Ci rcuit in F iAIII'" ;UJ
IPoiut IdPJlt.ili,' r I List of Tal!,.~ 1
{ point net.Li st; netHst _O I
IJ { point netHst netHst-l )
C I po i nt netHst net H s t . 2 }
f) { po int netlist nect iee,o I
B {point netHst oetHs t .! I
I' I poi nt netHst netHst _3 J
C f point natH s t net H s t-3 I
II { po i nt netHst netHst .3 I
{ po i nt netl i s t net li s t _3 }
{ point net H at ne t Hst _2 I
u I point neearee netli s t A I
[ po int ne t H st net list ..3 I
M { po i nt nethst net list A I
tILrp!!, so po in t, G 11m; d l' /!;rl'l ' t.hnu-.
Thepnt..pc r t nrrny is uSI'1i tOllsHlwial f' a point wlrh 11l ~o ll l purwlIll'0r t WIlI' II !.Ill '
two huve been connected by 1.111\USl'l". T his urruy is l ~u llstl l l ."d when tlw IISI'I' IIIOVI'S a
point which is t:()1l1l('( ~ tl'd t.o a {~m llJl(llll'lll. porI. I II I,his si1.Wllillll, l.lll ' ' IITa.\' lIla ps till '
point idellt,ifil!r to t.lw eorr l 'sl'0lldillg (llll'l. idl 'Jltilh 'r t o whk-h i t, is 1~1I11l1l'I' t l 'fJ. From
this , th e implcmcututlou C~HII derenutn«1.1u\ unique t a~ IUIHll' of ti ll' 1:011I1111111 '111. whid l
is to he 11 10 \'1'11 ill lIniSI,1I with t lu ~ pohu, Tlu~ arra y is abo IISt'r! t" Wilp id ",.l.i li"I~
ill the reverse d iror-tleu when ti l!' IISf' l" m ow:s a f:lllr1l'fJ llf ' l l t. HIUwlll'r! t.o "Ill' "I' nU,l"!'
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' li,l»l' ;),.'1: Win' 'I'lIg~ for llw Cil'l'ui1.ill Figllrt, 3,9
-;in' l,ll'"1i li,'r I I. i ~ t of 'lill.\S
{ wire net lis t necrtee ,c I
j wire netlist netlist _l I
{ wi r e netlist nedist.2 I
{wire net list netlist-3 }
{ wi re net list netl ist _3 }
{ wir e netlist neetree .s I
{Iolire netlist net lis t- 3 }
{ wi r e net list net lis t A }
lI'in' points. TIIC' l' l'lu'PIllln' net-port_point lim's this mHPlliul-\h~' Hncarlv Sralmillg
t ltl' l'll' tIll'l1ts ill IIll' pne.p cru array, j\!ot,il'p that if a point. is not conncrn-d to a
l'OlllpOtll'nt pUI'" then ti ll' pnt-port 1,ll,tTll'll1. corre sponding 10 1.111'pilili t, i~ umkflncd .
Alsu, if a l'llillllllll('lll L~ dl'll'ted , Ihl'u til!' npprnpriarr-r ll'llll' t11s of the pnt .port array
nmsr lil' uprlated In "disfOlIIlI'C' j." l.lll' polnrs fromrho ports of t,hl' (Jrl l' l l'{! rtunponeut,
'I'11l' pnt _label lIml," prnvidl's nil l'ilS,\' WH," for Ihl' il11 llll'lllplItal iotl to qlliekl,"
m"'l'li.-; t.hr- i'[l'utifh'r of t ill' 1,I'xlu HI lalld ('a ll\'lIS item which uarurs a pnim and its
l'lllWSllllUdilll.\ 1I1'1lisL Gi l'I'1l 1.I1l' i']l'nti fil1r of l ltl' point, till' tex t InlJd CHllI 'as it em
as.~ lI'ia tl't l witli tlutt polut CHIl I ll' ohtuined. [llen'uy al lowing t Ill' InlH'1 tobe liubi('-
Illll'llll," lllmlilil'(l or dpll,t-l't] b,\" t,11l' lmpk-nn.utntlou. Nutl' t lnu. IJ(Tall~f' l 'HCh ueutst
l' iUl llll ly haw uw' nnuu-, tln- uuurlu.rof clements ~d ill thl' pnt _l abel arra y cannot
I' .'\l ' l ~'t l [,Ill' 11II1ll l)(']" of lll'll ist s in till' rircun. Wit,h n's!)1'{' t In l in' slIlllph' circuit.of
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lIO ru.hor po iUI ill that. (wHist lila,\' 1)(' 11I11!'1l1'1'1. For .' sfllupll', lw('all sl ' wir« !Ju ju l I,
alre·atly 11m; fl label (Out l ) , 11ll' po ints F, G, II l ll ll] I : II'h id l IW).lIIl-\ t" t ill' S:IIJ11'
\l('l lisl, liS L. nlll llU! IH' ~i\'l' 1 1 lalll'ls . O HlSf'I IIIl'ully, I l ll ' PI" l IWll ls ill r.ln-pn t. j abe l
ar m y eor n-sp ll lll lillJ,l lu 1.I1PSI' I lilili ts urt- lUll HI'I . I f IIIHII' uf I Ill' I" ,i uts i l l ;1 l u' IJi.~ t 1);1\'1'
t.lu-ir t:orn~sl'(J lld i tl~ pn ti.Labe'I Sl't, r.lwu 1111'lw tl ist is ' '' ll\IlllIl''!. T his is Ilw ,'i1l" - with
t lu- m-tlist dl'll'rluirlf'd 11.1' lIw !'(Jillls A alll) IJ.
T hen- an ' thnes when tlu- impkunr-ntutiun 1I1'(',b 1o know 1/11' id"/l l ilj,·ts of tiH'
t."", Ilflillts al Ih.' .'1ll1 uf II ~i Vf'n wln-Sl'J!;IllMIl. Dutill!: emir development , this \\'IIS
;whi.'\,"' llsiul: an urmy wbidl was imlC!xoo by l\ wire id.1lti licr lind slon ·d tiM' Iwo
j." illt i tlf!Il1ili. '~ a..........w:illlf, 1with the wire. IfflWt!\"r.r, lhis.l lf'OIllIl' too rhunsy to mein-
pilot _wi r e s llrmy, T lu'n ,r" rr' II sillll!ll' auxiliary 1'l'l;)("f'(hll1' !Il1ll1ed net_\lire~poi!ltB
WRS wriUf'lI whid l 1Il·."I,ts II \\'il"f' itlf'lIt ifil'r mill Sf'IllIStill' pnt_wires array II, fl,'lrr _
Illillf' l lll' id"lItilil'n; llr 111' 1\\'1' 1"111 poilll.l;lIr t he win' . Alll loUKl1this method is sltI\\'~r ,
t111'f1lllf'l I11'lIllll'll llld l lllt'tr' lllainlaillalllr. :\si lllilllrns.'>ot'inlivearmS,whkh\\'l1S ill-
dexr-d hy a pnrt ldonuuer mul n't.lI r lJ( ~J t.Iw idc'lItHic!!or l-lwwire point ('olllwctrd to
lr orthc' pCll'l \l'IlS rll nm" lf'd) , wns reJlla('(~[ with 1.111'proredurr- net_por t "po in t , HS
,[c'S!· rilll, 1ahllVC'.
Ne rllst Arm ys
'1111' lIc'tli slli a lToI,VI" rr'I'N,;('lIli ng till' ('i n~lI i t art- shown in Table 3 ,10. Th is table nl'lO
ind lldf'Sn rolumn s1 " I\l"i ll ~ t ill' po int" ll'NlCilltl'(l wil lI rm11 of the net lists. Xoticr ,
1I1I\\'('\1't, t hat IIK'SC' I'IIi!IISlInolKJI sloml in Jill)" array b)· thl' imph-tuentation. lusrrnd,
lL"dC 'SCTillC, I I'lIr1ic'r, allt ho r l"llll'uls ,·olllllli!'ing a IlI'tlist [wire ~'RIIU'lI ls 11 1111 win'
I'uillts) an - l'IIl·lI l n~I'l1 with a unique tilf':Ilillur as tlW)'lire creat f, 1and mauipnla ted,
'1'1u, nee . peres ntm,\', whid l malrual us n list Ilf port /po iul pnin:;for cm~1 1 lII'tl isl
l'nl ty , is IISt, \ Ilrilllllril)' In dl'll'rmilll' the 11I'l.lisi l)')ll'. Using tile lIr tl ist t)'IJl ~ , tlU'
CU I rnn ]Jrt'\"I'lIl 1hi' ll>\l' r Frnm lIIi1ki ll ~ mi."la k\'s du riufl;t.IlC' t11!sign or tln- t-ireuit. Flit
l' Xalnpll' , nl'\ list 1.\'I II'SIIn 'u sc"I I,\) prl '\'C'nt I ll\' usor Iroms okleriug twouutputuetlists
I Ul!;I' I,Ill' r 11111 1 fWIIl clit'l'l'll ,\' umdif)'illg the signal \'nhu'S of Illl outp ut net,lisl Oil the
signul clisll!;l)', TIll' I.\·pl' or II 1Il't1iSl is determined hy th(' rollo\\' ing rules:
Tahl e 3.10 : ~I' I ..\ rTIl\· Y;llll l'!i fur I III' Cin 'lIil i ll FiV;I In ' :I.!l
f~'
to"..
;\ ('tli sl Tag Xnmr- Pointsiu ('\r l li,,1 ne t .por t s
net li s t _O :t1J l i nput IJ}
net list_l BE {i npu t ":1
netlist.2 C ,I
net lis t _3 F G JJ I L {out put f'} {input n
net li s t A KAt
1. If th r. IIC't lis l is iSlllnl( 'l[ (t hut is , lUllH'ofils pl lilll.San ' ('tlll lll'I'I"tllll lll lr ls ) 1111' 11
tho Ill'l l ist l ,ypI~ is IIn !;IUll!IfI . For nxamph-, netlist .2 1I1It! na t lis t A Fnun 1111 '
pr evio us example Hn' uf .mb uwm tYIH'.
2, I f the 1I1!l.li s t is l'OIlIlt'l~I ('d 1~ ) Olle Of mon - huuu pl,r l.'! mill is 11 '1. l 1 1l 11ll 'l' I I'I I I~ ' a ll."
output po rts.., rhe lll' lJist 1"IM' iNi" lmL Fill' ('XIlIlI I' I,' , netlist _O11 11<1 netli s t .1
i\~ i" IIlIl IIt'IIiSIS,
3, If tl ll' lIdlist is l 'lII lll1'd f'l) t o HlI l ll l l jlllI IH.r t t IIl'1I1I wII1'1Iisl. l.\'IH' i.; "" / ,," /. N"tl'
th at in t his ra,'il!. it is irrrh"" lullluw II mll) ' l'Ul1lil'l'ti"IIS, if all .V. ti lt, lwl-list IIOIN
to input ports . III t Ill' l'Xlllllplr. netl i s t _3 is till' Ullly 1111 11'111. lII,tli s!..
III order to huplemcrn lilt! lIhlJ \1 ! mil 'S, I,ltl ' net_port s arm)' ma l's 11 v,iVI'1I III'U i:-t
t ug milli e t o a lisl, o f pn r t !JllIiul, pa irs whk-hn'pn'S('III, I hi' 1}l1ft. IYIII'S 1-1> wll idl I,hl '
1I('l.lis1 is I:OllllN:II'r! und their l'onf'~ I JO l u li tlV; pllilll, i,ll'lIl,ili!'!'s, W ll"lll'W r r, hi~ li ~1. i~
mrxllfied ill uuy way, it. is r,!· sorlc'(l Sll I.lml, all filiII' ll!, pa ir , if 1J1Il\ ('xisl:.; ill I.lll' lisl.,
is always plm:I'!1 a t till' hl!V;ifLlliIlR. T his way , th l' tYIIl ' " f I.hl ' lll~t.Iis1. is ah~'HYs k" jtl. 111
t he front o r the Jisl ltlUl can l hl! rc -ro"~ hi' '! ll;1rl ll' b'l i i ll 1'('USt.llllt t.i ll il ', If til" III,r.lisl. 11Il:-
7"
un 1:l)m~pHllI l i llll; net _por t s ntrny elHment, then the type will bo unblOlJm.
TI Il ~ net ..namearray, whic:h contains t he textual name of the netlist as seen by
1.hr' IlSl'r, Sln'r!S as II liuisnu l !d WI!r!ll 11 1l ~ circuit. editor lind Uwsignal display window,
T his WUlIr ! Si'rV(~ as it key which is used 1,0 identify signals waveforms in the signal
display wlndcw. Likethe net.por ts array, t.henot ..namearmy is also used to provont
I.h(· lI.'wr from IJl1\kiug l!I i.sl ,a k(~s during clrculf layouL For tnsmucc. this array is
Ct! rrsll ll. r~ l if]ordl'r IAl PH!Vl'lI t, tlIP user from t.rying to gi\'(~ it single nerlls t two 1111l1H'S
ami Irum soldl'ring t()W~ lh('r two netllsts which have bot h been previously Illbd lt...l.
Thl! net .nene army is alsn used to llrohihit. the user from ~ivillg two sepnrato nctlists
I.lwsalllr! nann'.
~(Jte I,hat it. ls an:l'ptnh le for a uerlist 1.0 lim'fl no corrospondlng entry i ll either
t.1 w ne t-po rts or till! net.neae array, III this cuse, tile netllst is simply an isolated
rrd lisl whidl has Ile) l, heru labelled hy tho user.
3.6.3 Net list Ma nipulation
Likl' I·UlllpOlll'lIl.S, the wires aml points of uorllsts CIIIl he muuipuluted by selecting the
([('sirt'd opera1.iCIll from th(~ tuolbar and t.hen cltcktug the lcrtmost mouse but ton Oil
!.Iu't.flrl-:I'l, win- or pnint.. This sccuo n will dcsI'rihe how tho CUI implements moving,
([t 'l l,t,jug find soil ll' r ill~ o f 1l\'l.1 i.'l~ clements.
Moving Net list Eleme nts
TIll' user may move wires or wire points hy m:tivatillg t he MOVE buuon Oil the
toulbur mill d il'killl-: Oil Ill(' (it'SiWII itumand dragging it across 1,11l' l:aUWIS, If the user
I'l ir kl'([ 011 1\ point., t,[WI! thl' proecduro nee. preper e.potm.nove is ill\'okcrl whieh
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determi ne's lf tho poin t is connected to a romponout pon.. lf it. is . 1111'11 I Ill' Ilrlll'I'll ul'l'
prepa res the courpcucut att adll' d 10 t.hl' j)Oin l, for simultnnrous mownu-nt: ot lll'rwisl',
on ly t he point Itself will be mo ved. l f Ih ,' lISt'r l'Ikkl 'll on n wlro, t lu-u {lu- l'l'nI '\'llIlrI'
nee.preparevr r e.e cve is Invoked. Thi s pnu-edure d('t,I' rl nilll 'S I lu' idoutitk-rsof Ill('
two end points or thn win! und l'llSlln's thut tho (' 1111 points or f.ln- win' a r l' Ilot " Iladll'd
to any po rts . l f the wire is awU' lu,d 10 a romponcm., UIl'II t.hl· ntH wil l nut. Pl'rlllil
the user to move tltl' wire.1
T he muticn or the mOlIS(~ is then bOllllll 10 ti ll' p('ucc'dm'l' neu .do .ncve which
moves the selected wire or point h~' calling \.l u ~ utility I'n 1l1'flu rl' ne t .no.a ove. po in t .
This procedure moves a point , nnd any la lwls a t.tnd ll'd t.n it" \\'hil(' si llmhmu'llllsI.\'
stretching or s hrink ing all wife'S to which l.1w point. is t:OlllU'C't.I'(1. WIU'li IIll l\' i lll!, a
wire, net_do...move ca lls ne t _do ...move _po int t.Witl! every loill1l' t.11I' ll ll lllli l' is 1I11 1\'l'd
once for each or the t.wo end poluts or t i ll! wire,
Delet ing Ne tl ist E leme nts
Delet ion or netlist clements is more l:olllplical,cll 111ll! to I.l l( ! vari l'l.y of pol .r'lItili l s-ir-
cumstunces wh ich may nrise. The prceednrc net..deIet.e .point; I,akl's c:al"(' or pnint
delet ion by first de tcr tuinlug if the poiu l. to 1M! ddet.I!11 has dep;n ~' twn, If :-i0, 1.111' 11
the point and lts adjm:cnt wires will he dolrucd a nd !.IlC' two po inl,s m!ja,:c·li. 1.0 till'
deleted poin t wilt be joined together. Not(! tha t (Jdd iul-(II p(Ji llt. o r 11!j.\IH · two IIOI'li
not change t he nctlist cOllllect ivity ; t!ll!wfol"l! , I.Iw J1( 'I,lisl t.aJ.\.'l rcumln Illld I1U1W'II.
H t.he user is deleting a point wnh (]('/.;rc(' one or dcgrno An!al.l~r thnu two , t.1I1!1I
' Moving lL wire connertedtc II (~lIlIJl()lIen l ill Ilwhh'matk l<hll:l) lh,' iml' lt·m"II1.a t.i" " w,,"l, ! lUIVI'
to censldcr the possibili ty or m<lvillg tum scpurnte t:Urnp (JIU!"t..~ if 1.1", win' is mlllw':t.,' ,l I.. hoth
components. Th is s it lillt ioll hHSyl ,t t" h,'illJl']" III"" L,"J J,y t!lI' G UJ.
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l.lll : net .deIeue.pcf nu J JrCJf ~ I ~lI ll rc: willCrd l~ through all the wires connected to the
]loinl HtH!ldr'1.1' thorn. III addition , till: i tll ~ lIti li l :n; of ti le d l:lf ~t('cl wlres nrc removed
[nun th.. I'(l t ,l'k~ Ilf till: pnt _wires array f~nrrr'sJlolid ilig lO \.hl' lluints adjat'cnt 1.0 the
d roJr~1.('d pchu. If un Hcljilt c!lI1.point. 111Iu c1pgrP.f' (JIW b efore ti ll' deletion, then that
poillt will II(! n:llluvd. 'fill : dd l:t inn of a win: is handledsimilarly by tho IJrol:cdun:
nee.deieee.vt re.
Th l' dr'ldioli of a wire poiJl!.or a win- which l:IlllllI~ :l s two or IlIlfCuct llsts rexults
ill JH! I,lisl, splittilll{. c.1I1Sl'<ll leJl.ly, n!lllf.{gillg or t he 1IC~llis t rlcments must occur so as
l,u illJlllt'IIIl'ut till' dymuuic lU ".Ii.~1 irlc'lItilicatioli strategy. III order to rotag till! split
nl'l.lisL'i, a silJlplc' l raversallll gmilhm WHS written which is called for eaeh lll'Wnetlis!,
nr'at,l'd as II 1"t'slllt uf t he sp lit. For exnmple, ill Figure 3.10, consider t he deletion of
t ill' [loinl, illllicallxl lJy l.ltl' arrow in the uetlls t 011 the left. Aftr!"lhc ~ point isdeleted,
t ill! lIl'1.lis1.'l shown011 t.ln:right art' produced. each of whk h have had their respccnve
1'lc'UII'nls uniquely rl:l fl !.\W~ 1. Noll' tlmt UJ('deletion of li lt' puint ('!l u SI'I I tho deletion
uf an i ll l.i Hl~'lJllmi ll l , which hnda dcgrocof onc .
Figul'l' 3.10: Splitt ing a 1\et.list
r-- ---..,-- - -----, r-----..,----,
T he rcla gg illg of th r- IIl't lisl. otem cut s in ('ll('h of tho rl'slli ti ll~ l11'll is ls is p"rfllr1l11'l1
by t he procedure net_li s t _tra ve r s e as show n ill Fi~ l1n' :t II . TIll' ar~U l1ll'llls 10 Ihis
prcccdure iuehule I,Ill' itl l'nlitil'r of till' poin t al whu-h tln- l ra l'l'l'sal is III sturt [p i d]
and t he old mul 1I\~\1' llt'Uist tn!,!; IUI1III' (n i d i au d ntdz. rt'1'IIl'I'ti\"l'J.\·) . T ill' Im l('I',111I'"
pe rfo rms fl depth- first t mvcrsn l slarl.illp; li t llll' s llPl' lil'd po iu!. Hllll 1"I' la~s ;l lllll'1 liNI
clements that ha d tho t./lg ni d i with tbo new lill-\ni d2.
proc n e t _ li s t _ t r ave r s e {canvas pid nidl nid2 done} I
upvex $done visited
global pnt_wires
if {$p id == " } I
}
set visited t$pidl 1
scenves dtag $pid $nidl
$canvas addtag $nid2 withtag $pill
i Adjust 'pnt-port' , ' pn t_l a be l ' , 'net_name'
" and 'net-ports' arrays. (Not s hown he r e . ]
foreach wid $pnt_wires ($pid) {
$canvas dtag Swi rl $n idl
scenves addtag $nid2 withtag Swirl
set adjpnt [net_get_adjacentJ)oin t $pid $wi d ]
if L! [ i nfo exd s t s visitedt$lldjpnt) )) I
n e t_ li s t_t r ave r s e scanvee $a djpnt \
$nidl $nid2 visited
Note rlnu traversing a Ilet lis l. a ft nr it has 1 1I! ( ~1l s pl it is so uwwlml. l'x /H'llsivt" t~<;PI"
da lly considering t ile inte rpret ive uaunn of 'I'd . "OI'iI~V(~I", it. was disf~IIVt'I"t 'd d ur iu f.!,
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devd oplIII!Ill that occasionall y traver.sing uud rntaggmg a subset of t he net lists was
pl'lfl ~mbh' uver eontlnual ly (~xlrlJ(:t ilig (ll! t ill! ndlists each time tlw USCI' wanted to
IlighliglJt ndlisls or slmulute um cl renlt. Such extruc rlons almost inevitably lead to
II t ruvnrsnl of all t hr: netlls rs.
Soldering Netlis t Elem ent s
The soldl!ril lg lJlwra tiou r{~ul l.<j ill all m:l.iull op]lOsi tc to Llll\t performed by t lw deletion
npemtion . illstl'!u l ofs illitting netlbns , wl dl'r ing unites two o r more netlists . Uniting
t.wo ndlisl." is mueh simpler to imp lement t han sp litt ing two nctlisrs . To unite 1.11'0
Jwt.lisls, OIH' of L1w nntllsts is ret aggc d wit h the tag name of t he othe r. For examp le,
1.0 uuito 1ll'l.lisl,l;nee i und net2, WI' simply ass ign the tag net2 to nil nctlis t clements
which huve till' net f tng und I.hl'1I remove the netl tug, This can be per formed by a
two line prorndu re as shown ill Ftg um 3.12.
Figure 3.12: 50111'(.'1' Cod!' Uniting Two Nculs ts
proc net_l ist_unite {canvas nidl nid2l {
$canvas add tag $nid2 wi t h t a g $nidl
$ca nvas d t ag $nidl
, Adjust ' ne t _ name' an d 'net-ports' arrays
, as appropriate. (Not s hown here . )
T lw ma in procedure responsible for soldering netlists is net.start .solder. III
order 1.0 suldl'r net.lists, the proced ure identi fies all t he points, wires an d ports which
o\'l'r1all wit h iho location where t he soldering iron was uct.ivated 011 the workaren
T his list. of items is sorted with points first, ports second and win's las t .
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Th en , a loop is exer ut rd in whirh lUI aU"ml)1 is ma.lc' III ~lltll'r lh" first itt 'lll iii
t he Ii~t with each or t hl' successive lio;! ill' lIIs vin ntlls In IIru'I1'llnn'li IIr Ih,' Iorm
net _connect_ "_to _. where • is one Ilr point, port ,'r wire. ,ll'jM'lIllill1l. IIIM III 1111'
typl'S or the two items I )('i ll~ soklcrrd. ..\ point i,lc' lllilil' r n'pnO:O;C' 1I1 i ll~ Ihl' jUlldillll
point fer the NOldcriul; is tr t11Tm'll h~' th l' net-start _Bolder (It.M,..lure.
As ment ion ed -a rlter, the illlplc'l1 ll'utntio ll (Iw hihilll ll ll' IISt'r Inuu IM'rrllrtu itlVo !i<11·
dcriug s that will create cycles or nl hl'r ilU'nu~isl "lWi,'lI ill IIII' 1I,'l lis ls. ~I"sl IIr Ih.o:o;c '
consistency checks can he done qlliekly 1)('('II IlS(' ur tlu- ,lyuHIllil' l11' llist icl"uli lil'illill ll
feat ure . Furthermore, ilSn visnnlllicl to th«uSI'r , t.lll!imllll'\lII'nt,ntion tills ill ti n' p" rlll
of com ponents when tlll'y are soldered to :1point , luputs por l,o; nfl' 1iI 1 ,~ 1 in n ~rc"' 11
colour and output ports nre liIINI n '(1. III additioll, i f 1,11l' n'!iulta lll_sllllll'rillj,\ Iluilit
hns IIdegree greater t llnll two , the illlp lt'lIll'nLnt iclII l'n 'lIlt'S a lit,I.lc' rillj.\<lIl (e ) nt. 11 I'
j unct ion point to help express the eounretivity. T his Ilnl will lw 1!f'Il'l-l'C1ir llw .Ic~n'( '
or the poillt falls below three ,Iu ri llg sllhsl'(IIIC'ut IlIl1Uipll lnti nll lIr t ill' lwtl ist .
3.7 Multibox M odules
Mutnboxcs. which atn sylloUyUlUlt1'l wit h the !Jlllr. 11I1Xt'!i Im ~ lItill ll l ..1 ill Ci lilplW '1. II,t
t he user gro up together scvnrul d rC:llit d l'lIlt'lIl.o; 111111 llllllli(lul;lll' l lwllI :1.0; II SiliAII'
elltity. The modules which i l l l plc ' lJ l ' ~ lIl. J11ll l l i l lf lx t~" ure sh,m'u ill '1'11111., :1.11.
Multiboxes arc clisplaYI~c1 as T!'1:l illlgle 1I111,lilll'S WI t.11 ( ~ worknn-a ruuvns ; 1,1ll',V ure
crea ted with th e GLUE buuon 011 1Ill: .toolhal'. Afl.m- l. h ,~ lIs('1" !In'SSI'S urts11IlU-C1lI, a
binding is create d wh ich ta ils lIw Jlrol:(!I lu T!~ multLcreate _newwhen l/ll ~ nsnr d il'ks
the leftmost mouse button 011the ca nvas. This pr m:t"'(lun ! c:n'a l-l's:ltI lIIll:hlJr PlJilll.1I11
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Tal ,II' ;!. ! I : ).l lIh ih••x ( "r..al i.l1I ;In.1 :\lau;j' lIl;l l i"1\ :\1"tlul,.,.
lCultidel.tcl
lIlu l t i g l ue. t c l
11111 11 IMllllll l ill A hox ;'"'1\1It1 11 1 , I... r-in-uit ,' 1.' IUI'llls III I ll '
("IItII,l ill l 'l l within I Iu- IIiUll i l ll l .~ .
multimod .tc l 1\llll lu!.' to 111l1l1if.\· t.lu- .~i "l.. ' .,f II runltihox I ' ll 1111 ' 1'111' \";11'.
mult i move . tc l i\ lo\'I's 1111 1,11<' r-ireuit. " II'III,," l s 1'lIl1l ai l ll 'l l withiun Illl ill il ,,,x.
multiunglue ,tcl BI'IIIO\'('S I Ill' mulubox lrnm 1111 ' n llll·<lS. T his mllll" l., 11" I'S
nut . 1e'11" " I!ll'i li'lI lswHhi lt IIII' 1Il1l1l llux.
lIlul t iut i ls . tc l 1\li sn 'l1mu'IllL'i 1I1,ilil .\· J,n ,n'll llrl'S f' ,r Ih .' 1II11I1il' uIlIl i" 1I " f
1IlIIII.i IM'XI-S.
III.. nmtiou of till" mUllS(' and t ill' p rlM'I'Illln' Dlul t i .do _s e t wllid l . 'x "' ~lIds IIII' Irrlllt iIM,)l
fmlll til{' anehor Pll illl tn 1II1' ('nrn"Ut IJllSiliu lI" f i l l" lII"lI~ '. \ VIII'II Oil ' lI",'r rt·!. 'lIS1-S1110'
mou i'i(' bur to n , tile ctl' n t ioll of t ill' 1II111l.ilJllx is I·UIIIIII.·II'I1 h.v i ll\'u k ill A IIII' pll wI'IllIn '
mul t i-stop which .1.'Il·I.'S 1111"llllllt.iIMlx i f it had 11 11 an':•.
Resizing tho roctnngk- ofnn ( ' x iS l.ill~ 1l1ll1t ilu,x is !ll' r r.'I'I1It'II I,y Uli' MODIFY 1,,,,l lmr
buuou. The i lll pl'~ lIl . ·lI l. lltili ll w ill hlentify 11I011:-;1: d kk s nil l'i l lll' r UII' l'dAI'S Ill' .'111"111 '1'1'
will act Ill' III1Chol1i and t l l f ~ sd l 'l~ t.l 'l l l 'l l j.!;l· muy I", drll~w 'd hllril llllt,llll.v or ....'r l,il'l II I.V.
If the user clicked UII a t" rlll 'r , I h.·lJ I ll!' IIPIJI/si ll' .·u rlll'r will lid a s ;I/J all dlur mil l
rIll' ~;dl,, : !,, 'd ':Ol'lll'r lIlay l )f ~ 11l1!\'"rll l ia~Hllall,\', During 1Il00lifir:aliuli of lIlulrih(jx('~ , III('
sa llll ~ twu IIHW('<I urr's th~l:Tilll ~1 alJ(J\'I~ ure n-usrdS') as l.IJ n 'llw:l' ('()Ilr ' duplicauon.
WIII'Ii IIII' nS" r Sdl:C:ls c:ir.lll'r 1.11('MOVE, DELETE or UNGLUE buucn from Ihr-
tOlllmf, 1111' iHlplr'lIIt'litill.i1l1l mus t l:IJIIso lid1l1l' all circuit elements ('lidoSI'd within
1''' ll lirli ll ~ bliXt's'I ll 1.11" lI'ork.m'a sorhur. I'nell lIfl.lll' rtlilltihm"'s undt lidr mlll"Hts tllll ,\'
1II'twal,I"! usa si ll~ lc ' ['utit,\', '1'111' (; 1;1ncnllllp lis l l l~s this h,\'en 'i1lill).( Hlledt rnnspar rut
t" "'IH I I~ h'SI 'lI tOI'llr l 'acli nf tllC' lUIl ll l<liul-\l '1I1Jin<' ]'('(:tallgll's ('llrrl 'llt l.l' onrln- worknrea
1',IIIvas, i\s ;ll'!'Slllt, II' lil ' II I ~\'I'f lhl~ mOllsc'poinh'r movr's over 11 umlubox during one or
li ll'sr' I, hrr ~ ' 111)('nll.ioIlS, t lu' " Hl in ' Itlllll ilulx uutllno willlx- highligllll'd insu-ad (If t ill'
1\'lllVillJ!, allLlu- rirr-ult 1'!l'IIH'llts in II muhilxec is nchlevcd by lagg:in!!; nil c' lI \'lc~~ed
C'lllllplllll'lllSlIlHl lllIllt ilulXl'Swith t ill' I1 i ll111~ multi_t ag mill II,\'adding:all ruu.losed wire
Iluillls 1,0 II list or lluillt.~ , A llinding:is r.hon{'.~ t nb l ishl'fl whichhinds the motion of rlu-
nlOIlSl' with 1.1 11' tnoveumu firnil t lH~I ' tagl!;('cl circuit dC:llwnlsHull l.1w wlrepoints in
t.lu-pniu! list. lI,v 1I10I'ing III(' 1,0ili 1S hullvldnally, rho wi res rorrt'.~po licli lil-: 10 Ih"SI'
plli nt ~ wlllnls ubl ' UlI ln " !. I f a win' stradd l l~ 11multilox , then lilli' nu l point willmove,
whereust,11I'ul.hr-r will n-nminsl.nl.ionill'.\', t llc'wh,r rt'entiug n rubbe r handing ('moe\.
Durin!!; 1.1 1('nnplenu-utntionof nmltilxe; umvemeut , snvornl is-S ill'Shad tu he reS01Vl!1I
],l' /!,Hn l i ll g elrruit 1'll'lIl1'lIis II'Ilich lin not. lie entirely inside the .'id l'cll'd umltihox. Fill'
r-xnmph-, if a point nuuebcd to a romponeru por t lit'S Inskle tht, nmltib nx, hilt the
C'OIllIJOlwllt itsdr strml{Il,'S I III' outliur-or the multihox, theu the point will uol he
1lI0\ 'f'( 1 h,\' Iht' Gl: l,
l.h-h-tiun (If a muhjbox and ils couteuts is handled 11.1' iterating over each of the
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t-in-nit l'll'lI\('Uls t"Ulll llilll'll i l l.~illt' IIll' Sj,II'l'! I'll lllllhih"x :1I11 1 1111'1I i ll\'"ki ll~ a ll a l'l ' ......
priatr- 111'11'1(' p n ,n 'll lln ' III n ' IlIl" 'I' I ht'I'!l'l!lt' lll Irruu tlu- tlis l,la .\-. T Ilt" IlIlJ:.h ... f"lllllll '
is I rh'iall:,' illlpll'llll'lltl 'l l h,\' Il"II'1illl: TIll' st' II'l' lt'll lILuhihllx n'l' lall~h' a nti it s rom-,
SIMllllili/-:lr.l lISI~Irt'1l1 n'l 't a ll/-:I(,fwlII lh l· r-a U\lIS, II'i1\·ill ,L: 11.., t'11l'1"st'lldll'u il l'l"II I"lIls
llIJa!l(' Il'lI .
3 .8 Signa l Display Mod ules
T il l' sip;nl\1 dlspluy uuul ll l.'s an' rt's po llsilJle' fur l"rt'al il1l-: :me! II HllI ipllla lilt~ I lu' 1\',11"" ,
forms which an' IIn 'St'lll!'el i l l ,h.' sip;lw l , l is l ll i1~' window. EHdl la l'I'IIt'. l lll' l lisl ell' I hl'
clrcult. is H'\H('SI' ll h .. I It,\' ('xat' II ~' Ill \! ' Wi\\'I'flln ll ill !.Ilis Wi llllll\\' . Ti ll' 1Il1l11 ul l'S n-quur-
sih l(' for its illlpll'BU'lllatiulI a n ' tllli lilu'll ill T a lll.· :1.1 2.
s i gd i s p , tel C()n'~li lls pmn'll nn'l' In ('n'aLt' lltl. l lIlllllil' lll;Il.l'll .., si~ml l dis-
play WilliI" \\,, T his !l1I1I1"' I' :lIst. nlUllIills S1,\,.'rallll ilily I' ll "
(~('ll lln'S n· latl'l l I" lll<' siJ!.lIa l e1is!, hl)' wh ..I,,\\' whi d l I'all 1M'
il1\", k(~ 1 II}' ul lll'r IIImllllt 'S.
sim ul at e. t el Thi s IHUIlIlII' is nosp!)llsi" I(' fill' l,raI1Slll iu. ill~ ti ll' s i/-:Ilal illl' llt :o.
HIllI clrcnlt.df'Suil' l io ll lu 1.Iil' s illllllllim ('IIj.\iIU' rill' sil liu la lio fl,
TI ll! resuluuu nn tput. si j.\unls 1If'(' 1111'11nvu l un.l c1 i s l'l a'yI ~ 1 ill
l lJl! si/.\IIHI.lisJllay wirulow.
rhl ~ Tk l:aUVIlS widw,t was t1s"rl ln i lll p l l ' tr U 'lIl l l ll ~ sj~llH l lalJ/'ls, Higll;ll timt'x and
si>\llal 1\'HI'I{"l"ItiS Hul'lI'i/ltlt,\\,sof Ih l~ sil!:lIi1l Ilisp!:',I' wtudow. By llsill/!; ennvasos. Ihl'
illlpJr'IUl'lItatilJll wnx llhl(~ III lakl' arh'anlage nf 1111' lI (~x i hi l i Ly unrl 'IlTlll"lr.l' of the
p l iln~ lI l1' !l t (If 1.111' nmU~lI ls of tlll'SI' wlmlnws, t1lf'n ~b,\' adlit' \'illg irJr'al aligllllwllt and
S'y UdlrfJlli~,;llillll . 'nit , im p ltollll'lIl l1ti llll of till' sigdisp . te l IIIwllllJ' is tun 1('lIg l,h,1' to
dl'snilll' ill d l~ta i l ill t.hisdl;II'Il'r; fhf'1'I'fllw, for brevity. l)1I 1~' tIll' pneohuul intprfm1'
"f lhiS lrlodnll'will lwf lisl:ussf'll.
'lh« s ig _dralLsignal prtxwlun- is rf ~spo ll sihl (' for I lispla~'i llg u sigllallll1d IlIke's,
as par;uIII'II'I'li, tIll' si~lml lI al llt~ mid a list (:(IIlI,aillilig lillll'j l'ahu' pairs: the lauer
paruumtr-r jxnpt.iunnl. Ifl ,!lnpnl('f'r1I1 I'l' lslnvnkerl with only theslgualnametbcn I,hl'
dU]';ltiml of till' sij.(r:all\ ud it,s values will hr' ."('1 n{'nmling to 1ll'l'-r1d illC'ddefaul ts, as
l'Sl.ablislll'd ill tIll' n'SUI I1TI ~ opliull (hllllIJilSl'. If the I:allillg procedure slllJplil'Sa lisl, of
UUlI'j l'HIll!' pairs, then11 wavelonnthat corresponds with I,hp de11l'uts of the list will
11(' llispln,\'c'Il. Ead. l·h~tII ('IIt. ill this lisc, rouslsrsof t.l\'fj inuns, tile si~na l vnlno IIl1d the
t.ill11' nt.which UIPxignnl occurred. It. is only l1l'('(~sar~' for ti le list to contain sil,'1HII
t.rHllsi1. iUl1s; rho illll'r\'('uilig ~Il IJS will hI' Illlod in nrcordingly, For example. 11 xignnl
whichis luitiullvunknown, hut HII'll falls low af(.l~r three time units, uud then l'bc~~
lligll afl,l'l' fuur mort' timp uni ts is reprosontcd by the list {to X} {3 O} (7 1}I, If
1111' spl'd fied sigllal is ,lln' ll1l,\'present on the siguatdisplay, then its waveform willhe
ll1mliri('(1 ar rordi ll /l I~) thosigualsiu the list ,
'l'ho sigdisp . ec i modutcnls urnntnlns two !,1'O(:l'thUl,'Hwhich can be used hy clteut
('[lilt' l(l dl'll'!('s igna]sil1 tlU'sigllal c1islllar window -- aig. eete ee . which accepts the
1I111 lJ(' of 1111' signal In deleto and s ig_del et e_all which has no parameters. T he
ill1plt'1lll' lll lll I0lt ralls sig_de le t e whenever the user deletes a nellist label 01' a win!
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po int which ha d a nctllst lall('1 allal'l ll'd ro it. Till' s;glllll l"I'pn's"lIting Illl' m-thst is
removed Irom rho Ilispla,l' and tit " window i'" 1"I '",iz,'d i f llt 't', ',,~a r.\' , Tit" e Ig .de jc t;e all
pnx-eduro is invoked when t ill' \lSI'!' wisill's to 1!l'Il'Ie- lilt' cum-nt ('ireu it uu.l stmt a
now nne. :\ 1111](' sip;nals ill !Ill' llis pla,l' will Ix- n' mlll·I" I. tllt 'l'!'!!.\' l't'sl"r illp, till' sill.lml
di sp lay \.0 it s nrigina l sIa l I'.
Twoo t.lll'l' procedures, etg.r eneae ami s i gEype ;\lft'I'1 tl \l' tallt'lli l\~,\r (h,' S;ll.llals.
The eag.reaese prol 'I"llll't' ut-ropts ti lt, IIl'ip;itlal slgl l;ll nallll' HIlII it s ne-wnann- a lit1will
chango the III1 11W of ti lt' signal illt.ht, sig nal Ilisp l'l,\'. '1'111Sprtll'I'llllrl' is I'a ll"d 1\' 111'11 1110'
user ehungus t,]le name of a netllst label via I h (' Netlist Label tlillhlj:,Lox.'1'111 ' sig .t ype
procedu re Hen'!' ls the 1If111lt' of a sil-\nal mul an o!lUmml paruun-u-r illd k nt ing l.ln- 111'1\'
type of t ill' si/;II;\I .. l~il. l lt' r in put, out put or unknown. If t ilt' Iillk r plln lllll'lt'r is 11011
.~ ll pp1i ('(I, then t ill' IJrt Wl'd l1rt, ~il1l p l.\' n-tums t.ln-r-m-rent. 1~' 1 1l' IIr till ' SI"'I 'ili"r1 s il-\lI;11.
is called when t he user mu kes all ad jusl.lIll'll l, ttl ~I nr-f.lis t. which rt'Sull s in a <'Imllgl'
to th e ex isting lletli,~ l/port assoclnuon. For «xmup I!!, ir till' IlSl'r Mlldl'l'/; nu 11lIt.p lll
port to a la be lled nculsr., then t he ty pl\ o r t.Jll ~ sh~l1al I"I' J )('( 'SI\Il I,in~ 1.111' lwt.lis t, 1I1IIsi
he cha nge d 1,0 output ill the sigllat d isplay win dow. B,Y Ilo illl!, t his , sil!,l1l1l t..Yr u',~ 1111'
automntically upda ted ill the siF;lIill dis play liS t lll~ llt~ l. l isl l:ulIJlI'divi t)" dHl ng",~ .
T he s i mulat e. t el 1II0dlllt! is 1I 1m(~ dnsdy related 1.0t i ll ' ill1.l'gl'al.illlJ or t ill' s imu-
la tor engtnu with t he CUI. As 1\ result" tIll! dt 'sn iptiollll r this w o.l nlp will bl' dl\rl' n l'd
u ntil Chapter 5.
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3.9 Miscellan eous Modules
' r li r<,uj!,luHl t LIII' " IIIIIN : r,r!lw unplnun-nuu lon, S/'w :r111 SllIlIlllllility Jlro(~(~dllTl'S W('H'
written whirh WI'f'(' lint din'I' lly r(' IIIII~1 III tlw H rorrmll'lI limu~lltl()( llllc's . These mod-
Ill! ,; COlisist rlr ill lll r i l.\' t ,f IIrIll 1·du fI 's i.luu wer ewritten 10 l ake' (:lln ~ of rr-pet.itivr tasks
files lct ,tcl
nouaevtn.tcr
optiondb ,tcl
progress . te l
utils .tcl
COlil ilins pmn~ l ll n's for crrsulng n fill' sl'kflioll dia log Imx.
This IIlm IU]I ' willrout aln proce dures t.11Il1, display ln-lpuue -
saw's n'gardi llg the ucuons thnt will he currierl out hy eneh of
thl' 1I1nO(' mouse buttons ilia panleular coutnxt . This 1JI0 dllh~
is llnt .1'1'1. currently implemented.
COIIIHins t.Iw sillgle: procedure startup.init wliidl iuitlul-
i :f. I~S tbeconfiguration option datuhase. Ddl\uh.mtrlbut cs for
seveml widg(![sarc cstablislurl II.\" this procedure.
CWflt.r and update a progress bar. The progress bar is used
dllring tillU'(!ollsurniug cporattons - as the operation ucars
completlou, the bil l' grows longer.
Gl'm'ntl P Il l"]JOS(~ IItilily procedures used by the GUI.
S('\'l'ral uf rho prnexlurcs ill these modules liCrl'l~ to extend ('x i~lillg Tcl/T k fuuo-
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progr es s . te l . <In'~"tII'ril' 1-11lm~1I I" 'M' il1 l ' ~roIl''l1 1111" 1I1'!,1it-:l li "lIS n llll !, lo' l ''!.\ ' 11 11 ·
relut ed tu this p",jt'l' I .
3.10 Simula ti on
to r GU I. Ow ' importnnt uun- 10 milkl' a t, t his po inl is llm l lh, ' (;1 :1 ruaiurnins am]
\'alidalps sl l"1l(:t11l"1I1 inlonuut lou only it, is I'lJIllllh,tl'l.\' unnwnn- or I III' lu-luu-lnur " I'
nil)' of the {'o Ill IIOlll' IlLo; it (~n'Il/( 'S , Tllt' r,'fon' , a pml Irum IIll' dim 'Wrll J.,\"l"ap liin d f"l ,n '·
s(' lltnt ioll, 1I2-in(lllt NAND j.l;ilh' is In 'ah'll ,'"a dly t lu- saun- 11.\' 1.l1I'( a l l ;ISa :!-illlJlIl
son gate f1,~pi lc' t ill' \"(' 1')" ,l ilf"I1'1I11I"' lll d "lIrs " "hi hill'l l by 1111 'SI' 1\\,. n 'UII'''lll ' III:l,
In order to "~i\'t' Ii fl''' ICJ1\ rj n-nlt, ti,,' G UI IIIlls t In- intl -rf ;u't'l! \d ll l a silllllia lur
I'llg illl! wh ich {'lUI Lnk<' till- s lntdllrn l infor lllnl iu ll lUl. I I I", i llp ut siJ,\ll1Ils 1',......i.I,..1 " ."
t he G U I, si mulate IIII' circ uit a mi thou n u uru n~llhm l t 1111111 11 \\"lI\1'f" rIlIS 1'1 II" , ( :1;1
for d is play, T ill! s imulat or '-II~i", ~ i lsd r L.. tho Inpi ,' o f Ilu- f"llf>wi ll~ 1 ~ 1i'l'h'r.
Chapter 4
Simulator Engine
C:hllJlh'TI lln'Sf' l1l.l'l'l an overview ()r ~ illl l l la l.i()11 with spcd nl cmphusls onrhosimnlation
uf mllll'lIl,!'r hanlwan-. NIltIl'\WlIS teehniques fur till.'des<:riptirlll und simulurion of
hunlwnrehave ]W(!II (h~\' iscd HIIlI ilJlplelJH'lI[l:d. Quite often, the technique!adopted
dl'IWlltb IHI' WI.l' UpUIl the drslred level of nbstruc tion at which the simulator engine
is to npernte. SOllie shuuhuors ucecpt low-level hardware drsoripuons nul! produce
nllt pili. wlneh is based upnn \\'('11 known mathematical principles that govern the
lH'haviollT of eirt-uit. d l' ll1l'1ll,s sud! as transistors and capa citors . At t he ether en d
of t ILt· speernuu, high-love! simulators process hardware descriptions represented h)'
fUllI:l.iullnl orl wll1wioural ahHtracl ionsaud gellcra tc silll11la t ioll results \\'llh:h rcprescllt
th,' br-huviour (If the system at. this higher level. Typically,due to the often radical
I lim ,rt' I1l~I !S uuu I'xis!.betweendifferentlevelsofhardware abstrnctlou, many simulator
"Ilgillt'li (lp('l"a ll~ at unly one level of abstraction. Ot her simulator engines lire more
Hcxiblomul nU ('lllp l. tu necouuuodntc descriptionsat a fewndjnccntabstraction levels.
This chapter will focus UPOlldescribing and simulat ing hardware at the digita l
or gate-Iewl using a d l~'rl'I I' rl'\II'l'l<l'nlitl iOl1nr thm-. Wlmt ~'lIawI I'S Illis situulatur
engine from nr fu-r n lll\1'lllillual di~ila l Sillluhllnn; is t hl' n'IWI'p l or lun, ' tunr, I-:.,I·h
jnecn t eomponcms. A~ will hi' shm\'U, t his l'tllll"pl lIlakl"!'it \M ...."'ihll· I" IMlth ,1' 'SITII,,·
lind sil1l1J1aU'ha rdware liil'rnn'hi, 'nl l)o', ,\ ''tllllll.:,risnlll ,r t hislll' I'Il -:1I'h wi l li l r.u l;l i' IIL;II
digi tal simnlntor t1 1 'Si ~IlS willb o , list'\ISSN!. :\ 1I!.!1.Ill'r im lMlrl a ll1 tll '· I1I 'I' llIl1lmsi/HI I.,\,
and impleme nt t lu- slmulntor t'1I~i Il 1' , Adlll'n 'llt1· III t ill' Ilr iul' iph'S or t his l' a rmlil!,lIl
significantly rad litntt'll th e I lrsi ~ lI or tlu- sinmlntur cughn- IIl1d rl'sulll'd in a ll uuph-.
memntion whkh is l'IlS.Vtoumintuiu nndexu-nd.
4.1 Simulation Usi ng a G lobal Event Que ue
The tradi tional a p proa ch tnwan ls ll:a t f'-II' \'('j simlll11l iulIl' ll1lllu,)'s II ~lull.:l l l·VI"IlL q ut'IlI '
which oounnunlcntes din"Ctly whh evt-ry L'111I1)(1111' lIt Ihnt IWlf t id plltl'S ill IIII' shun-
latio' l (9][121. The qUl ' 1I1' iJi typkn lly i lllplcJnI~lI l.('f 1 liS II link", 1 list when- enr-h 1lI"1,·
represouus a moment ill tluu-, Em'lt 11I1111' or th, ' everu IJ1U'W' ,'ul1~lillS I' I" ,illll 'r lit.,
ch ain or evenb whleh hl!Vll 111'1"11 !WIINIII,'!1 hy t ill' s illlLlhlt.or til ,",:ur llt tim!. Il;lrtil'-
ula r t ime , T hCSl1 eve nts orte n cunsis t. ur a pointer t il t i ll ' 1'tl1lliMlIlI' IIt wiLidl is tu III'
simulated and 111I indicuuon or what actio u I,hl' 1:lllljJUlll'llt mllsl takl1.1
As eve nts a rc pr ocessed lind ('OIll IJOlW llt S an ' xitnulnuul, SUIISl'lIIWIII. r-ventx a rt'
scheduled fur the r al wlIIl ill ti me ill thl! event I IIII~IJI ! . Th is sd u'IlllliflJ,\or eveutx 1'1'1'-
resents how signnls lire pro pngllt.l'l'l within t Ill' drl:uil. I. lll ~ All/lml I'VI'1i1. ' 111" 11" is
' This action 1l~llld ly tll ltt'll the furm of ll~ m UL1"lIl1'1ll l " ~ilLK rn lult' 'I'tt il llf'II'1'....~ a dlm'I\" ill all
input signal or 10 make . ch;<IIIl;'~ in IllIillll'rlI>11"t>lt" ,
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r<'~ J" 'lI sj),r( , f"r (·ill"hiul.\ ti ll! flTltPli lS uf u I:U/lJPOll'UI uud tla-u fl'I'(]i1l1l; it. II) ti ll' 1:01'-
flo:.p' llIdiug fun-our. "U1l!l'uHI'lItS 1I'11I'1l ll u' HPPI'Oprill!r' ti me lIorll! o f thl' event fllIl' tH'
1 1 1I ~ 1"'1'11 r<' lwl n ~ 1 ,Il,rill1-\ til " S;IIIl1[;\l ioll. TIn: SilUlIllliolLruns lI11til t ilP 1'\'1'111. Illll'llf'
' 11iS h( ~ '11 I'x hilll sl.I~1 or lIut i l lhl: Iiun- IIIII/tt'd ror 1.11: simulation hus expired. Fig-
SiUHl lllling.
'\ S I'liU lIest 'l'lI Imm 1111' fij.(nl'l: , th is uu-rhod ofshuulutionpart it tons l.!l l ' problem
in1.o I.\\'Hsl'Jlltnlll' I'Jltilil 's, T ill' I!:lu l J;\ II'\~'II I , queue nmhnaius all the sinmlatlnn in-
fOl'lll1ll illll : tln- "irn lil. rr'pl'I'SI'nl;I!.iIJll ellul.H iliS all ti ll' connecuvity (INails. H.willhI!
dr'IIlOllsl ral.l'd ill l<lIbSl'ljlll 'lI t SI'I:t ;OHShow l hr':';('l.IWl SI']J;\ral r: l 'lll .ili l 'Scnu 1)1'r'l rl 'Cl iVl'I,\'
II llTl-\l'(! illill 11 Ilis t rilultl'll stnl("~ lll'l' whh-hmaps naturally muo 11[(: Will'Sor llwclrcnh
dnmuin.
4,1.1 Draw backs of the Globa l Eve nt Que ue
Df'Spitl' 1,1ll' rolativeSt(tTI'SS or t his shnul.utoosrnucgy, it st ill has ~;e\,(\\'il l ShOfl.l:01l1-
iugs, I,,~ p" l :i~lll ,l" ill t.!1I' rouf.I'xt uf 1 ~ l rw' ~('n ll ~ silllulat.ions. Some or the problems an '
I'l'lal l'(l lo thl' ,«'pm ll t iol1 nf I.hl' ruentt rupres eututjnn from tireslmu lntlnn while other
p1'Uhh 'm~ Ill I l\l i rl~1. 1.1H'lUSI,h·l's llS II result of Illn glohal nature of the event IjIWIlP.,
Lilt!'!'sc" t illIlSwilldl'sl:rilw lmw replacing the global queue with a series(If distributed
IIIWlIl'S I·lln lrl'lll l n nlIe l' ia W Sl\\1' ral nf t.lH'sl' (l1'Oh!l'IllS.
..\ I-\!llml l'\"l'n l. queue II1ISuo harr! wll l"eequil'aleul.. III the context o f thu implomcn-
tutkm, t ill' gluh1l1 1'\1' n l. queue is all llrl.irm:l which has 110couuterpurt ill 11Il nctuu l
rirrnit , Asa rcsnlr. t.hehupiemcntntiou tnust boud the concept of It circuit SIlas to
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acco mmod ate this technique fi ll' It al'dwarc~ slmubulon. \Vh i lt' lI tis m"j.!,l lllI' ·lIl, llIay IH'
dismissed as a purd y philnsophleal issue, it lInt',~ hnve 1II"rH" f ~pl~ : j a Jl'y wlu-n l"lJIIsi,J -
cnng the t runslatlou uf all uhstractkm illl,1I an il1lpll'lIWII1.a!,iulI, TIll' 1'1 ' \\" ,," arl.ir;wt,s
all implementation lutnnluees ill mim il:killj.(ti l!' alr.;trae1.iull, 1.! 11 ~ "lIS\I'" ii , !l,·tflllll·S I,ll
understand and appreciate the illlpl,mWll1.nlio u,
!J2
'I'll'" I;uals rls"f1.lVarr'I' lll;itl(!{'rilJP; mid dl!sip;1I an! to dl'l:n'l1SI' 1.JU' r~m lp l i u lllJ{' I \\'r' l'lI
1 11l n ·l a ll :rl ll ll u l lllr ~ whileil l t.!u' sam(!tirue iWTl'asillJ.; tlll 'I'()llf'si\'l'lIes.~ with ill function-
aJlyl' llllivalr!1I1 moduli'!'. :-.rall}' pUl'islS 1I1il.)' arJ.;UI' Illal 1.111 ' 1.\\'0 t icr upprcnch towa rds
rligilal sill llllal, ill ll l l l ~ i g ti Sl' r\l'.~ 1.11 r1r'{ :n~asr' t.11I' l'oliplillJ.; 1)I'11\'r'(\1I tlu ~ simulator .mil
l.Iw r-ln-nitn 'pn~ 'lIl,ati(J1l tlll!rI'hr maki ng the SUnll'uTe more roslllout III1'1111111;1', Th is
as:-i llllll,li"Il, 1r{ ,\\" ~\"~l', is lIasl'rl upou t lU'Ilr<'lllis{'thnt.t.hl· !:in'nil nopl'I'S/'" lnlioll and
hs slnmlatlnn ... 'r'l,w u llispllnlll·r'lllil.il's, HIII\'(!\'I'r, this supnrurion is purely arlilil'ial.
and 1111' r'il'l'uit I'plll'r'SI't1t.aI.inu illf: n'l, xl~,~ I/w IYJ'W,~il!~1U~~,~ of the huplemcnuuton. sfucc
t.11I'1\1'" r1UW('l' l.s HfI' illl illra ll-!.\' l'{,la l.e,,1.
TIll' iIlIP'lI'l,um'I' of hiprnrdl iral !"t·jlfl'Sl'ut.aliolls of all nbsrruct lon was j'1lI11hasizl'Il
ill Chaplw I ilS II 1III'I\ nS fir l'ulIlhntil1l,!; emllpll'xil,~ ', Hicrnrchicul repres entation uud
su ItS('I!Il(·ll1.slmnhu.ion of eircuits lIsiug It global event "]lIC1Wis potentially very con-
\'oll1lnl us a n~lll l , o f 1.11( ' ]lI'H'asi\'l! nature of the queue. BCl:/I USI' each e'~'Jlt iu till!
qlll'III'I'Ulltll ins 11 reforom-e to the componcu to he simulat ed, it hccollws very diffklll l
to ntprt'sr'nt rurnits hierarrhk-nlly without compromising the autonomy of the low-
levnl snhwm]){)w'nls I,f a cmupnncnt , One pnssihlu workaround t o thls problem is t o
pll1l'\ 1" '1'111.qm-ucs at enrh h~ \'1'1 of the hlerurchyand 10 devise II strate gy whereby
all 1.111' I I' W (I(' S n\1 1 hi' synchronlzed with nne auot,ller vin 11 t op- level event I II1Clll' ,
T his 111i1,\' involvedlitngill/!; I.I I I ~ roneopt of au event at the upper most level of the
siumlat iOll; illstl'lUI of 1'(1uta illinJ.; rrfl'r(' tJ( ~r,~ to components and signals. events would
lustend mnuiln n·ft·n' III'('s to other event !JUt'Uf'S, Nevlloss t o say , this C01 IN.'ll1. of a
/!;lllhalult' ta-I'\'\'lIt queues erves to only compound the problem of complexity rat her
rhnu rcsol vclt.,
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RI' lall '(l t il lit e' hierart-hirnl n'!l l't'SI' llla lioll Hilt! shuuhulou o r IIll' cin-uit is lllt' 1''' -
11'lIlia l lll't~1 to Ilis lrihul t' IiH I-\I' scak- suuulutious 0 1'1'1' s l'wra! , l ilf"lt'1I1 I' n ll,.>s.'il'S " I
('1'1' 11 0\'\'1" sl'VI'ra l!Jl'lIl"'ssors, D Ul' to ell\' ~l llhalllal11n ' of t ill' "\"'1I! ' 1Ill "I<' , <Iisl ~'i[,ll-
l ion of such 1\ simulator wo uld I ll' IW,I' dillinlll, T his lIIay n-qui n- Ill<'iutrmhu-tiuu ' Ir
1I process nr a llIll('hilll' which is ,1<'<I il'n ll' d tuwnrc]x tlu ' syuchrouizntiou "r tlu- r-venr
queues at. l'adt distrilnn.iou point. Llufon.uuun-lv. this i1l1rnd1l!'1's SI'I'PI'HI prnh lt 'm 'i,
that ll uwh ilil ' \\'nllltl lllldll llhll ~ lly al'l as a hol1. It · 1I 1~'k duri ng tlu- ,' lIlIl'SI' " I' I Ill' si U11I-
lntion silH~t~ e \'('r~' other dist ri luuiouuock- parlakillJ,\ ill lhl' silllll ln l i lill wnuld lw\'l' I II
eOl1llll11l1i('1Il.p wlrh it. \VorSI' . if 1111' \lllu' h illl' \l1' I'f0l'1l1iul!: l hl' J,\loha l H,I' lll'hr"" i'l.ll! ;'lI1
Wl' lI1. d O\\' II, t.he enti re sltuubu.lon wo uld Ilt' rompnunlscd.
Pa rt or ti le blumo for rho pro lif"1'Ill,iI1l1 or simulauus I\'hit'll n{\' 111'''" p.lllhal l'I'I 'l1l
queues rnu Ill' tracr'd buck1,11thl' II111g l la J,\I OS w i t h whir-h11t1 ',I' wI 'n' i 1l1Il l"l lII ' IIII 'I I, Sl lI' l l
lang uages rend to he smnu.urul in nnru n- mill pruvirk- oul,\' prhuitivr- s uppurt. ror trur-
dat a abstraction nndno supporl. fur i lllr( ·ri l.mw l· 01' run-time l li lil l iu p.. i\.~ u rl','iu l l ' Ir ti ll '
rela t ivel y weak cncnpsulntion support tl w 11'lll lll,a ti ml l,o i l ll, f! )l I I II" ~ j,iI,)111l1I'nt,il i,'s i ll l" ,
1111 im picmell lntioll is very st rong. Sll hs P!lUPlll, sl'( ~ liolls will dl't11ll1\Hlrl l t l ' how dn·ltiL~
may be slnmlaterl wit hou t tIll' need for fl v;loha l ' !\'l'ul, 'l U"llt· lIy I' l lI' apsulll l.ill j!, SIiUlI'
of t he necessar y sitnnhulon lnforuuukm wif.hiu ti ll' dn'll i l. l:lrl.i ti l~ I l lI'mSI · t vl ',~ , A Il UIl'
clements required I'm the simulntiou iliaI' dirt!f~t1y lJul.o alla lol-\llllS ('ul,it.il's whidt ('xlsl
in t he real world , Centr a l to th e jmplelnCll l.al.ioll 111'St:r il u'd by this d lll l' lN will I ll '
the adherence to the pr lnoiples o f ~oorl nhj l 'l : l-()ri l' ll t , I ~ 1 analysis 111]11 Ih' s igrr.
4.2 Object-Oriented Ap proach Towards Simul at ion
11Il.1I:l""i\ .1' '-\\1'1'1 fnsn till' r-reatjnn uf n~lSi\hh' sllfl"oall-' modulI'S. scveml attl'm l ~'i
hll.\1'1>(' '11 lila ' I" III w"c1if,yl'Xi!'ilillli al~oril hlll1'i and illl1J1"IlICuta t io lls ~l th lll t hey
11,11'1'1 a ,1" ,j,I...lly mUll' IIbj.,,-t-nril"lI11!(! f1a~1' )llr 11311 16:130]. Dihrit.11cirellit sillluilltinil
lus I,ru vl'n t il Ill' Illl loXI" pt iull 1,0 Ib is t rend. Ull for l llwlld,r. ns will be demonstrate d
h,r this :-;!'(·nlln, stlrh aU " lIIll!.s t {,1U1 to 1M' Sllllll!lI'lml nulvo ill t hei r app ruarh nud
SCllll'l, i ll ll '!i 111111111111. I~ l 1I01li ill j.\ 1lI0n1 than II uunslruion of tho glob al e ve nt qut'lll' 10
4.2.1 Examples or Digita l Simul ator Designs
Manr «F t llf~ "xillt.illJ:1'ii lll UIIl InI"ll adopt very sitnilar approa c hes to w ll nL.. the elnssll-
("al Mmof ri lTuit j'k'llll'lllS, fl.'! wlll be diSl::1I1N'1:1 ill R SulN'(llIenl secr iou. Wh ere IlllUl)'
ur 111'~i1ltll lal llr dl'liil!;llS sh ut 10 dl...iatc, hllll,(,' 't'r , is in the arra of COIl1]MlIH'1I1 in....r-
Illflllldi\' itr uud silllu latioll. Mml)"of the illllJ k~IIClilltliolls sull enforce t he need for
i\ Sl'llllr '\l iulI I M' lwt~ '1l L111' n' pn'St'lIh .t ion o f the n rc llil lllld its Nlslling sinmlaucn.
I'h r t':<illl1plt\ DOSE [ lGl lJm\' i {]t~ the Rllticil)llted classes for co mpone nt s, ill]MI!
1"lrls lind untput port.'i 111011whirh a di'iCfl!tr eve nt-dri ve n stmnletor muy be basol.
It nlSlI ~ Il Jlrlllrl ll 1,11i' lIu l hm uf composite componnuts for th e purposes of lucm rchi-
t·all1lmldli lllt. However. I,lli' cluss [iljrary also int rorlaens nn independent shuuhuor
Ilh.i(~· I , whichis l'OlllpUSI'I\ of I,h ~f'l.~ other objects; nnmely, n component manag er, COIl-
1", 'ciUIl nuumgt-r llllli t~\·I' lI t scheduler. The illtcractioll between t hes e three ohjects
l'So;('l1lill lly 11l'l1\' ll lt'S Ih(' Ilt'('t"''iilf)' sUI1JlOrl for event-driven slnmlanou. O ll l! major
1.0 make the components loss autonomous mul lllon'II,'pl'udl'll l UpOll ~lo lJaII'1I1 ; lh'S III
pro vide them with inputs nudto !,ropngilll' r.lu-lroutjnus, T his IlpPI'lll lplI\"(' 1'11l1Sf'I'i-
ously com pro mise the ability 10 disl rihll!" 1111' sill1l1lalioll1\ l1\1 run llla kf' hi,'rnrd li"al
modelling unwioldv.
A S('CDml upproaeh [131 is somowluu shnilnrt o alm\'(', ,\'1'1 pro dd, 'S 1II'IIn support
fOI"(Iisl.riblll('fl slmuln t.lon. A S)'Stf'111 overview of lrs ~l lThill'l· I . l lfl' is 1"'f'splll ,',1 ill Fi~­
lire 4.2. As ca ll he seen fro m the l i ~ll re, 1.111' an-hluxn.umlTI'all'S a d "ilI"SI'\H1n1 l.i' lI.
between t he simulation support, sll!lsysl.mll a mI ;1 1\1l11ldn 'pl'f 'Sl'Ill.il1j.l; tIll' l'ul it.y 1)('-
ing simulate d. This simulator huplcmunts a sophistinll,l'd Ilif'rnrc'hif'al 1' \ '1'1l1, ha llfllilll!.
me chanism . If un untity rceclvcs ,HI PYI!III, it. is unnhle1.11 Iimllill', I,lli' 1' \' 1'111, is pmp a-
gated 10 it ~ parnuf.. However, ti ll! I~O ll(~I!pL of u "Rlolml si lllllla Uuu 1'1Il 111',, 1 ma ll:ll:"r"
is still requ ired for ti le purpose of phase chung , ll () t il i l ~a l, i ol1s . IIIudrlitlon, 1.111' "',I'SI.I'1I1
sup ports the concept of n mmld r.ntit" tins." whid l cOlltai n,.. f'\'l'n t lis ts . Till'sl ' Illflftf'\S
may be nostol , thereby giving ris,! to till! (~o lln'pl , of multlpb- 1' \' 1!111, listx, '1'111' liu'tu-
t itre is carcrut tc poi nt 0111. t hough, t ha t, "lifll'\'l'1l 1.lisl.s lin! IllSl-rillllli'd, 1,111 ' IlIodl·ls
ar e rosuonstble for sY l1dlrn ll i\( i l l~ tluun." COI1SI'I11lf'lltl.y, ti ll' illllt1('lIll'llla l,ioll sl ill lll' l'-
potuate, t hc concept of globa l timo alll l l'mpl wsi\(l's till' 11I ~ ~ I 'ssil.y for sYltl'lll'Oui\(lltiuli
when the si mulation is dls tr ibun-d over Sf~\'( ' ra l IIIIU:lJilll'H.
Subsequent secti on s will discuss t ll(! dl's i~1I and implcmentntlnn of a Sil1l11lal,1I1
ongt uc wh ich is largely asyuehrouous ill nature. Cflllel!pl.~ sUi'l nx Alolml l.illll· mill
gloh al event queues will hi! ablll ll lOl]('d ill Iavonr of IUl'al 1.illl l ! lIlld IJis l.ri hll lJ'fl 1 ~ I'f 'll l
que ues.
lI i g lJff~ 4.2: SY:;1,I~lIJ Overviewof it Hinrnrchicnl Simulator
4.3 An Alt ernat ive Approach Towards Simulation
Th is s ection dlosnihes a different and possibly more intuitive approach towards the
1 1 1 ~..iJ;t1 »rnl implementnuon of Hdigital simula tor. This implementation builds upon
lite nlmulutorenginodescribed in [71. Whit!! the simulator engine works primar ily at
t jn- Wlle..h~vl'1 llf ubstnu-tlou, it should he not ed that t he engine can co nceivably be
111 gellt'nll, tile heart of the simulator engine iscomprised of a distributed queuing
llLl'('!l:llliSlll ill which endl co mponent mainta ins Its OWIl local time. In this ma nlier,
all t hl' {'Otll ]JOlIl'U t.S arr~ rclat h'clJ' autonomous nudarc Influenced only by adj acent
~ Dl(I' to 1.111' inherent di~cre'{' rclJrl'l!l1ltalio ll rn lime. slruclationat the IOWll5t elreult-level, which
rI~ llli n'll l \ ('on l i nlf!lll~ rcpresoutation of time, i.~ not imm ediately realizable by thissimulator engine.
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incom ing queues. This trd llliq ul' \l\'U\'i dl'li n tIlt 'l ll Ui " ;0.' whil~ l I Ill' ~inlll \;l lioll of II
circuit rnar be inlrgrat rt! wit h ill' rrlJ~nlal ioll . llK'n -hy dim imlliul:,ti ll' Ilrtilit' ia l
distinction between t he teo . T he roneepts I"II-hind k,rnl l i l1l1' ll lll l tlislrihlllt~II'n'llt
qU('IICS are ela borat ed 11)011 in till' li)( lowill~Sll lI:"IXliuus.
4.3.1 The Concept of Local Tim e
The notion of local umo ill eont. r nry lu till' ~ furl' llll'lItillllt'(l trndi l ill ual ~ l' l'rllad1l's in
which a ll components Rfl l kllP!. a t. the same point. I\lulIl( t h e' lillll' llur- tilirill~ Ihe' l' l1l i rt'
course of the s imulation. S)'llch r ollizat.io ll nrall I,IU' l'UllI PUIII'ul.s ill sill'l l n simula tor
is enfo rced by a global qUC!lle t h a l must inl'lu le t.l1l'nlll.tlIU1ltl,l" or a ll UII' ("UI1lI'"I1Pu ls
being simula ted. By Il.'\,,ignillg t hl' t"OlllprllWlIl' t.1ll'llhilit.y lu lII a l l aj.!;t ~ Lhd r uIVll llwlIl
lime, the componcus arc not l'Iu hjcd. to tho wh ims 01'lUI UI...rlllln l. 'lI.~1 /.:h ,lmll'\'1' 1I1
queue. As will be ~hOWIl later, the COllec llt ul' In ea l liuw IllllktOS it I II ~I.I I · lu .·It·ltll l.y
represe nt and s imulate a circuit hierardliclllly,
T he idea o f local time i.~ also I'Xllloi t m hy t hl' C111uuly.Mi."rn al~lIriUlI ll 1:,1 II.'" II
mcans of ad l icving asyndlTUnolis c\i."trihuln:\ s i1llulatiUIl ill II In l fllllcll' ll vinlllme'IIL,
Their m otivati on ror e mploying a 1oc.a1 t.ime lIIOCh lllli~llI i~ just ilicocl hy t he-ir 1111'(1 LII
elimina te the p otenriul bottlenec k inrroducel hy II .:lnlm l.'ntiLy whit~, SY Ill ·lil1lll izl 'l'l
nilthe si mula t ion com ponents:
"We do no t wish to use any global variables 1101"do we want to usea single
prams to drive the simulat ion beca use it will prove to bea bottl eneck. Our
approach is totally asynch ronous; every process maintai nsits own local clock
and there is ocglobalsynch ronizatio n mecha nismsuch as a globalclock." 1:1!
In so me respects, t he sinmla t iuu 1I1goritluIl I "~:rilme l by lhi.~ M'C:lIIIU is situil;cf t il
the Cha ndy-Mi5ra algo rilhm; ho wever, t he algo rit hm lUll; 1"~!11 aelalllJ,1 1.11nm ill It
IUlillff JC 'f 'SSlJr, sequnntlul instructi on euvironmont.
( ) lJ r~ or Llu ~ I"1lrnifif:al,iousof l. h f ~ concept of local Limn is that during thecou rse orthe
«iumlnt.ion, sornn mll lpOn!!l1 t~ wilt he fur tJ wr adva ncedalong t ile rime line than other
tuIll Jlo IJ I~II L~ . J ll rlf~~I, it is even pos.silJle f.JIIiL som e r:otllpOlwnts may complete their
mlll.rib Ul. ilJll l.n I.lu' siumlnriou b l : fnr l ! lJtlll:r WlIl p OlU!III.Shnve even received ; U1~' input.
ntnll. This fae!. creates lin opport.unity for memory recove ry during rhol:OU!"SC of the
shnntatnm. For ('xilluple, constdor Ill!!ew;c: where 1Irelutlvely large sllbc(JIIlJJllIlClIl.
Ims (,:O IlS ll lllr~ 1 all or il,s Inputsa llli has s urrrssful ly genera ted all of its ou t puts. At
this point, L h f~ subrompnncnt is only wnst.i l lg memorysince it mnno longer affcctU u:
f lnll'u ml' Il rt.h e silll ula1.iOll ,lll'lIfC i t 1:1\11 sa fely he destroyed. Ncwsubemupnncuts run
snllSl!Illlr·t1tl.y hI' rrnnnd nndaU.ad wdto the eireuit. Throug h careful implem entation .
it muv I ,, ~ pr~sihli~ Lu t.ake ndVlltltllgc of t his fllct to simulate circuits which nrc t.oo
Illrl;l' t.o lil, into 1I1PUlfIf ) ' allnt once, Although th e cur ro ut implementatiou nr the
slmulutor euginn dors lin t.support. thisstrategy, i t still seems rheoretlcally pl ausible.
4.3.2 Distributed Even t Que ues
1.01'1\1 utue cnut.rlhures tu the preservation of the autonomy of component s during
a siumhuion. However, i n any s imulation, components still require some n W1LlLS of
rumurnnjralitm with othe r components. Ideally, th e method of interaction botweon
t-nmpunruus should Ill' intuitive and should not int roduce bott lenecks into the simula-
tionhy relyingupon the presence ol a globa l mechanism. For this rea son, d is tributed
1'\"lml. ( 1 IlI' I Il~ W('fI ' Introduced to help m aintain th e autonomy of a component hy
('1In1llm~illg intcrnrtions amongst. mljnccnt components only. As wit h local t.ime, rlis-
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tributed event qUC'IICSare a b o amenable tuthe hicrurrhieul n' \II"l'Sl'nllllium {lrl'i n"lIil~.
Figure 4,3 shows nsimulation in p wp;n':'s whlrh I' lIl plors cl istrihlltl'd 1'\'C'lll qlll 'U!'ll,
The circuit is hlcnt.ieal to t.hnt prrscntod ill Fi l-\lI l'l' ,1. 1 IIllI. Ihe I-\Iubal 1'\"I'll t, 1[111'111' Ims
bCCI1 eliminn te d, Ills!'rll< l, t he t~\'c~1l 1 q UC'lH' hm. 1's.~ 'lI t-ial l r bu-n Ilislrilllll r-d thnlllJ,!;hlllll
the circuit rcpn,:,c lll!l1iolL" Tht'Sl' tlist.r ihlltC'd <\IIC'II 'S lin' nlia lol-\lIlls 10 w in':' i ll ;\1' 111111
circu its, in that they serve as 1.111' 1'(lIlI ! lIiIS ill whlrh Si~Wlls pass Innn111l\' t'111I11lt lllt '1I1
to ot her components ill i ts Ian-out. t.lwrt~h.\' 1~(llllll~' I.i llR ('ulIlJlllll"llls lo,.:;"tllt'r,:1
FiguTC,1.3: Digital Shnulut.ion U:-;illp; Dis l.l'i hll ll~ 1 E \'I' Il1.QIlI'IIC'S
Wjn~
IIIadd ition, the se distributed queue s ulso mnintaiu 11 histclry ur ti ll' I'VI' II I.S (ur
sig nnls) w h ich have tmwllo d llloll/!; t1WIIlcltir il ll; the (:II Il I'Si ~ nf the sillllll"tiHII, 111'11n ',
whe n IIcomponent is being si ll1l11altlcl, it may fll1t~ry it..~ input. wlns (via iL~ [IC H't.S) In
obtai n the value of t he signal which occurred nt locnl ume of 1.1 1I~ C:II1I I'0 IlI 'II I., H t.llt'
input signa ls lireno t IIvailahlc inthe qlWIJI ~ at t he rt~ [ ' l f~sl.c~1 ti ll ll!, l .lll~ll 1.111' l:IIIJJI" HIt'IlI
lflO
Will lll ~ , IJI! 1!( 'f1 l1i l.t(~d II!,~ i IlJII lllll ~ . Ali demonsuan-d by lho figure, it. is 1 1(~:rssary fur
[Ill! I' Wlit qw 'rlllS 10 IIln ilitai li ;1history of t.helr signnl \ 'l lltU' S Sill(,1~ t he loeal ti mes of
ti ll' wIIIJIf!lH'llls t.11 which j I II'Y nl1 ~ a 1.t adu~d mil.\' varv sigllificallt l,I',
TIll' r" lIllwilil-; s ll h~l d.i ons 1!1'Sl:r il m how dis1.riIJllt. !' d event queues serVE' th p dWII
I"u nd ioll I!f 1!,~ I II 'I ~Ss i ll!\ l'Ulllll'di l'i1.y lind flll:i1it.ntiug t.h<,silllllin t iou uf n dl'l~n i l , DI'1!lils
wi th fI'SllI'd to dn:ll il, tl ' P rt~SI~ lI ta1.io ll nnd dw..." dl~~ig:1l srretc g tes willhi! dis cussed ill
I ll'pl.ll.
4 .3,3 C ircui t. Classification and Repr esentation
C in :llil n'prps/'lIl.al.i1ll1 presents lIIany rhllll l!ngl'Sfur tI ll' designe rs of si mulato r S/)ft-
wan'; Lin' 1'1I1.1'lILi,dcUIlI)llpxily of circuits o nly servos to co mponud thi s challl'ngl',
T h is S! ~ : !.iO Il pmvid l'S the 1l1'I:p;,,'i;lr,v infmaructnrelin d insight uponwluchour subsc-
OIU'or l lll ' major ~ulIls of our drt:uil, rep rosentut.ion is to {'Imhll' the exprosxinu of
HII' hhnm-hk-al uuturenf drr ll i ls so ns IIIhd p olfset the inhe rent complexity nssoci-
a h,d with circuit.d,'si j.\ll , 13y ill1u\\'ing rompoucne to be represented11~ a «nuposlte of
sUhrl WlIl!nlll'11lS, it IH~:m l lPS easier 10 constr uct highe r 11'I'd componen ts hy co n nect-
illp; tll j.\!'lIH'r flldillll'lIlm,\' {~Ompm le ll t s whose behaviours an' mor e easi ly lImlerstoml.
Tl ll' :;!' l1ihh I p\,~IIUIll PlIlIl'll tS limy rh on become subco mponents nlnvc n lnrger, !IIOrt'
powerful l'i rl'uiu-, Hir'tnrchiral f('pr esl'1ltati o lls also present tlt r possi b ilily for dis-
l ri h illillp; 1.1 11' ein-nit. ilIMI its subsoqu eut shuulatinu OWl' scvcmlnueh ines. A sec ond
~Im l of 0111' n'prPs('u latillll is 10 1IIo<ll'l r(~1 1 w orld c ircuits as closely as possible by
lilili tilll( 1111' 1II11 111 )I'\' uf nrt ifm'ls introduced into t.he represcutatiou. By mod elling
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i ncorl'Or~ l i llg suppo r t r,II'Si lliUlalillll lntu our n 1,"'M' ll l a liul1, ..\ s will I... tli."I'us.'il't1
la tor , tbe dis tri hul['(1 IIIU'tll'S fllril ital l' t his .,hj l't 'liw ,
Till' Jlro("f"R~ or ~(li.~r.lllJ('ri ll .'J I!u· d a s....'lillllil uj, ~'" s Ih a l runll 11"" ' >1":11,111;11)"Hr t IU'
I lro l)lt'lll tIOlll n i n~ M lls l illll .'l'I Ihr IlII tl l!f.~i~ "haSt· ./tl,,' t ,I,j" 1*t,r i,·"t.,1 I l;l ri\t Ii~1 1 1 1:11.
Seve ral simi lnr r iass i tirn lillli S('hrllu'S lul\'l' I>t'1'11 11.111.11, 111;\' Il l a ll~' ••I .j t'1·I.....il·I II,, 1
app ron dlffi wi th Il'li l )t't~1 Iu d ITllil ll'p n ':'I'1I1al Ion. G.·tIt·l·lllt.I' sl,,' a kiIlA,II I ,jt 't't-lIrio' lll t, 1
imp lem entations dll~sir.\· rir euits in al ~( 'lIll \;IlIl 't ' with l"!', I! wl,r lt l "in'llil 1'11lilil'li SIII'Ii
Ill' c:o lllplllll'n l.s, ports 1II 11! I U' l li~ls. T hi s d; \ssilkllliol1 s lr lltl'K" ,'lfl't·l in ,I.,· l'n'a l t 'S :1
runpping of sonwnro dn s.'iI's 11I11.1mlil l ll~nll s ,,1,'w"lIls ill 1,111 ' d llillilin o f 11';ll wIlrl,1
circ u it s, lhcw hr Irnd iu Jl: In n 1H'Ili'r lI UdNslall tl illj.(or l it.' 1l'Sll ltili A itll p ll'III"lIl a l ion
II)' o thers.
\ :Vith resp eer tn «l r cnitr(' lln 'Sl'lll a l ion, IllI" t·.Nln 'pl l. r C"f1~l l. i l1h M1..ISt· l" IIIH,ru'lIl
rro u l whkh a ll ot lu' r fUllr li,mi llJl: l'lllll l )IULI'f1ls (', 111 11(' 1II' ri" , 1 1'iI 't'llIs In 1" ' :1rUlll rlll,1I
d as.. ilicat iou s l rnlr"o· Ilrnlll)l;hou t 1111' lill'Oltllrc ·. Alil' I 'I'b; !ila rc, III.\·111 l'I" II\'III1C·ulli
lire factored o ut and IlliteI'd into 1\ hilS(' ria...'; ...\11!ilIIISC'< lUl1Il ('III11I'"IWll l s lllll ul.lu1"
func tio ning u nits IItf · 111MI d f'rh't'fl fn llulhi'l IIlISJI· d as.... 1111'1'1·1" inl...·ri l i ll~ IIII'1'1" "_
lllona lity. Mos t implemeetnt lons ~ !Sll IJnwi.I.· s ll l' l'urt rIll 1I1'St i lil-:1"IIlI" Il 'I'lIls wit.hle
one another, t hereby p('rllli t t i ll~ hi"rJlr d lK-n! d l·I:l'IIIIHlSi l.i.J1I ur dn~lI i l l1· l lt"t 'Sl 'lI l a l.i , , "s .
A b a se class r('(lm;C ~Il t.i 1l1: porta is a lso populnr-; Irom t hi s d ilS.x, 1lI1 1l111111. III1.t "1I 1.1'" l
port class ili a)' then Iw derive-d. B. ~e;lIIs(! tliis app flllldl I,u f:1 a1'is ilil~il 1.ill ll is l'plaU VI·I.y
nat ural and . indeed, a lmost lntuluve, thexinmluurr I~ II J.\iIW t hat {un us I.llt· rlll ~ II S of
this report nelhert'S to II similu r d as.'l i fi I:lLt. ioll apllTlIlll'l l wilb n 's ," d IfI c :irl~ lI it l"!' llti '-
sent auon.
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F igllf(! (1.<\: l {e p rf~senta li () 11 of IIS iru pll!COIIJ]losilu Cireult
Output s
T it" l1'prl'se lltatio ll of IIr-ireuit will Ill!discus sed in the conte xt of a specific ex-
umplc. Fil-;lIn' ,1.'1presents all elcment ary circu it which hils three lnn u t ports a nd
IJlIl' nutput port This cir ruit is compos-d of tw o nested components, ea ch of wh ich
11,1\' (' 1.\'11iuputs and Hill' outpu t; and l\ win which connec ts these two subcompone nts
!llw·t! lI'r. The pritunry d w;sl'S emerging from thi s exam p le arc eo mponouts , ports and
wires . Tile int,plllbi rolrs of "hcsedass'~s nrc as follows:
• Component: A comllOlII~ ll t is the functlonal block of the cir cuit. It may exist
, IS 111inclepemlcnt fundamental unit or a s a higher level un it which indirec tly
d l'Il'!!;<lh's fuuu.lo unl n~p() llsi hi litic:-; lo its subcom ponents .
• Port: Pu rl s !'mllll'cL uunponents \'crt kally to adjace nt hierarchies a nd horizon-
' Illll' to cu ljll('('nl win'S. P orts ca n hc tho u ght of as conuecttng com ponents to
!OJ
the "externa l world.-
• Wire: Fro m a pll rt' I,· "'I)~'1 ltalill1ml "i t'wpuillt, win-s SC'T\1' hi I1l1l11t'\'1 1I>I:,t'IIlt'[
components a t Ihl' SlIIII(" hlemn-hicnl 1(·, ·r-1 " in th t" t' IIll !W, lllt'flIS' I" 'rl s . Fn,m
a simulat ion Il('tliP{'(·th -e. Iht·,· an- IIII' tlist rihuh't l tlllt'U''l' ancl ;\1'1 ;L~ -t'\1'uI
III order to mun: vtvldly (~{lll\"" 11l' Ili('m rl'i lit'a l pu l .'nlilll u f Illis rt' prt'N'lIla li' IlI,
cons ide r the three-dhueuslonul hi.' ra rt'hy pr('l'l' nlt"l ill Fij(llrt · ·1.;1. T hiN d n'uil is
identical to tho OIlC prcseutod ill Ftguro <lA, ('X('I'pl. tlmtit is \. i ll . t ~ I ,~liAh l ly st illS Itl
make t he d istin ct ion between hierarehicnllnvels 1II000t' UII\';tllIS. () f part k-ulurinll 'n 'Sl
is t he meehnulsm hy which oomponents lower in t lw hil'nm :h,V 1, 1I11111Il1k ll lt ' will ,
entities higher ill l he hicrnrchy. III t llc fij.(lln ', fur illSl lllll'f', UIlt!· tllat. ti ll' I H l rl.~ ur
the lower level COIllIK)I\CnL"Id o nnl I'flllllmllli.:nlt · c1irt 'd ly wil_1I Ull' win,:, at. ti ll' h ili
ICl'd co mponent , which.. in m ru.. conuunuic...tl· wit h t ill' win':' Il L thl' luI' I,·"d . T his
mechanism hf'lps to preserve the clII:apl.lllnti\"l'mltll rl~ {lrthe llll' 1.'w I I1I Il1IHIIU·" t ,,1It1
nil its subcompone nts .
4.3..4 Class Design
During the design of II model, "we ilUX:fll t Ill! ahsl.r;u: l icHls a mi UWdlllui sm s t hat
provid e the behaviour t ha t t hi s IlInd(~' requlrcs." l:lJ, Dl'Sij.(u l.y pkllll y 1·('!Jrt'Sl'IlI,s 1.11l '
st age ill the softwai e procc....'l j ust befo re thl~ iurpleuu-utntinn p lll~o;t'i 1.111: Iluality Hf
the design quite often determines the eXlens ih ility. ruhu sl ru!ss HUl llla illla illa1Jili1.y
of the ensuing im plementa tio n. l3cf:1lllseII. hml dl!si~/I r.ltll SI"' riflllsly f:lJllllln 'lll;!'il! t ilt'
If"
Fi~um 4.5: Tli rel ~·dirnc nsiolla l Hierarchieul Circuit Rcprescntauon
intl·wi!.)'of rill!SllbSNluellt. Implementation, it i~ impnrtnut thnt the designphasenot
IJl' In';ll.' ~[ Ii~h lly,
To aill ill the dlseussion of the design of the simulator engine, several Beededi-
(lfJJlI1l~~ [3J will lw pm'Wll t<.'{!which highlight muuy o f the important classes of the
simulator arehit-C'd ul"l! and tlU'rehuicushlps among t hem. Boodr diagrams illustrate
lIu' major il."lux:t..; of II dosigu through tl l(~ usc ofseveral well-definedicons mil adorn-
merus. In it da.~ diagram, the IIIrn1 t. important, icon is tho "dotted cloud" whhh
sytnhuli1.I·,H 11 !:Ialis; 1i 11l~ <:Olllcctillg twoclass icons together slIggcst all association
botwe-n Ll..~ twu dl\"~lI's, By upplylugvariousadornments, such nsarrows, circlesand
!llllafl'S, t.othe endpointsof lin association line, the designermay specify the type of
Ils.'iud alioll thnt.(~x i sl.s between the twoclasses.
With n'S jll '('t, 10 object-oriented design, there are two fundamental relationships
whirh will 1M' or particularinterest to us, namely, the is a ki nd of relationship and
the ~~ I I 1)(/1'/ of relationship, Two classes which exhibit tile is a l'ind of association
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lire po tent ial C'ilIltlidntC'S fllr iuh crimnrc. For t'XallIllIl '. n j ll~ i.• II blll l o/nHL lIlIlllil.
therefore it would he Ila t llrnl for it Dog d it$ lo inherit Irom it Mammald n1'->l; IllI'n,II.\·
musing thr Dog rim;.'!. 10 m' llIirr 1I11 thr auribun-s lit' l ilt' Mammal rln.. .... '11IL"I~'l't'
of rcla nocship is also t~1I1l1ll101l 1~' ralll'!;l .•,,,r.;ali::fJlirm/ Uf·,,rmfizl j '; "". T Ilt' i.• II 1"""
elnsses, whereby ou(' i llSI RUl'~ o r a d ass t-an rxuu uin a ll illSI;uWI' lIf ;l!ln th l'r 1·lll........
For example, hiolog il~a ll.r, II splN'1I i., It pmt II! a dn~; 1·Il IlSl"(lll'ull.\·, it is lWI1' pl Hh ll '
to encapsulate n Splee n class inslll.lWrins ide 1111 ill Sln tll'! ' uf Ihl' Dog dH~'" .'ill as III
express this rela tionsh ip . Agg rogntion llssO('illti o llS nn- n lsCl n ,rc'nl'!;l tn HS wlw/" / llU I't
relati onships . T he fo]lowillil su llsediulls willmake 1'., h 'IISi vI' IIi'll ' of 1,lwS!' n' ]lItj'llll<llil' S.
and o th ers, Whclllll lJSc rih iull tho \1lriu lls a""lIlt'ialiolls II I' I.\\'! "U I'lHSSt'S in t lu- .Iolllai ll
or rlrcuir reprcscntanou lIu.\ siumlntiou.
The Component Class
Figure 4.6 sho ws the Dooc h dinh'TRm for the Com ponent t·1;L~ ami nmuy uf it.'! n-,
lated dn...;sc.;. T he Com ponent cla.~ ib;c !r is n~pn'Sl ~lll'l l by 1111' d u tlrd d"llli " ~ 1Il in
the center o r t hl' diagram. T he icon shuws t ha t thiN d W>1! !1m.; l wn c1llUI IIl1'mlll'l1'
(l ocal-t ime anrl del a y) and t wo 1II1'IIIhl'r funct ions (s i mulat e O itllfl process (» ) , ~
The l ocaL time data membe r contains t ill' eurrem 11I('nl tillu ~ fl f llll' d a",>; anel I,lli'
delay datil member co nta ins the tf'<lllsporl d('lay nrlhl ~ (~tlllI]M)IlI ~Ilt., wh i l~h is iuili lll-
lzcd wh en the compo nent is «oustmcted. T im s imulate() lUlll process() IIWlll] "' ''
fUllctions IIfC p l'illl llrily f('sjlOllsi h le for t.h e silllll ln l.ic!Il ll.'1IH:c:ts fJfl.Iw .:UllJlOlll'lll ; t.lll' S"
~ActuailYI the Component dJlllll cU/ltllins !lIO", Uu", th!~" ,tnlll UI< 'lIlIK'fS IUlll IIK'lUl",r fluuti "ll s.
However, only the dllta ", ..mhl.'u unt] mel.hllds whid lllrl' IIf I~lrtir.n[nr illt"ro~t II"' IL"m ll y disl .lhY'sl
in II Booch diagram .
r1! ~la il s wHlllH (ld( ~rwd until S octlcn ,1.:'\.;).
ri~lIf(~ 4.G:Component CI 1L';'~ Diagram
,~ . ~ ~ -,
' Tj~[~
'_-:_ ':~~;~ -)~~;:'__J
~" c~~p~:e:; " -';l J
;, locaLtirne, delay .-
/:,_~~::~t:~ -.
/--;"~; ---: /-';;'/ '-: ,,---N;; -- -':
:"':' :'~\~~ "~7;
, r-,(--0~~~t~"'- - ':
'- - -- ,; -, - -- ':
, ,
, ,
Next, looking abo ve the Component class, there are two mljnccnt classes Dallied
l.List awl O.List. Thn~' are hot h nssoeiated with the Component class by a linewit h
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a filled circle at the Component cud and a tilled rI'l'lalll(h' a t the I_List/ O_l isl 1'1llk
Th0;~ two classes repr esent tho lis t of input pnrL~ mul ouqml ports ril l' 1hl'l~lI l1 p'lIH'UI .
The filled circle svmbo lizcs a contuinumu 01' ilK!-\1'I'p;fltioll ft>lllliunship . lll~ 'auSl' tlu'
inpu t and outp ut por t.lists n l'l' J!(ll't IlJ nrorupuneut., thts rt'la t il lllshill ixjnst.ilh-rl. '1'111'
poill fer j,-ejemuf;c containm ent, By usillf(physira l rnutuiunwut , \\',' lIl'1'l'IISllft'd Ilmt
the lilctimc s of the input. a n d unf.put. purt lis ts during till' sium latjon will hI' t hl' saun-
as the lifet ime of t he enclosing cmnponent.. 'TIll' two snmll 1I11 IHhl' l"S lldjn<"'lIt, 1,0III('
end points of each of the lili es sigll if)' tho rnnlinnlitv IIf lhl' n !llll,io llShip. III uuu-r
wor ds, Pilch component contains oue input. p ort lis t. and OIU' o llf.lmt 11ort. list..
Noll' thaL the Llist and O_l ist dili'i' h-ous l'adl 111\ 1'1 ' a so lid rl'('I,I1I1I-\I ,' ill tlwil
respective upper righ t regio ns. T his :ulllrlllnplil. illllit'a1t'S l.hn.t.l,hl'SP 1,\\'1)l'!n!>.-.;,'l' ill'"
actuall y iustnnces of a parameee nzod clnss." The dll!.tl 'lllilll 'S with t.lll'urrow Ill'ads
em anating from the LList 1'11111 O_list dass(!S illllil·al.l' I,ha t. tl U'S!' t.wu dilSSI'l' 11'1't'! '
rudimenta ry suppo rt for a generi c linked list .~trlldll l·l ~ whid l 1:1\11 Ill! IIlHlliplllal \'ll ill a
typo-safe manner . The tex t inside the solid n d allp;h's of tlu- Llist und O'List d i1....-.;<·S
repres ent the actual urgumcuts to 1.l1l: li st p im lll ld (:r i1.1s 1 (~ IHS:';; t,ll: (,l'xl illsidl' l,lll'
d o tted rectangle of the list cl ass re pl'l'Sl!ut.s !.Ill! lonnu l arll;lIl1Wllt,S. As with para ll ll' 1. l ~r
passing in procedur al languages , all a~1;m:iatioll is l!SlllhlislH'd la~twl'l'li l.Iw lonnul
a rguments and th e actun l arguments. III t lie !:Olltl!Xl of t h is s]J('cil k ('xa lllph', it
corrt'Spondc ncc be twccn th c Port · ac tual urgumcn t und t.lll~ Type fOlfIlal arJ.\1l11u~lIt. is
~In 0111'implementation, parllllll'tcri~...d , :li~"~''S Ilm irnplmm~lIl,',1 usi n~ thr-(; t t h''''I ,f,<l"Illl'dla·
utsm.
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1T! ~a !NI , tlll' rc'by t.mI1Sf{)r U1 i ll ~ l.List a nd O. List into list classes which contain pointers
1.<1Port fJ l ljr!d~;, Nnl.l! that ill flrrlnl' for t l ](~ instant iat ion to occur, l.he LList 1I11ClO_List
c ~ I: ~....-..;r's Iml.1 wli llirr~ I.! lf~ service, of the Port d llhS. T his Ilsillrl relationship is shown
hy rhr-holi,l lilip 1'H1 i" m l. l~ 1 from the Port elassami lmd inll;wit h a hollow circle Oil the
l.li stf O_List d ass' '!i,
Final ly, \\ 1' focus on t.hi~ dm;s('!i ilUnu!(liat f'ly below the Component das-; ill thn
ligu rl·. Thl '!ir' t1:L";'Si'!il"l'l'l"l'si!nt SCl II IC~ or I.1w lowes t-levelun its or thecompounnt libra ry,
such as :!-in pill And all,1 Or gat.(~ a nd a l-lnput Not gl\l(~ . T hey nrc rC'lalc!(1to 11IP
Component d ilSS hy a so liflli lw wit h a n arrow pointin g towar ds the Compo nent class.
This is all illlwl'il.1111I1~ I'd l1tiunsllip ._- an And gale is II kind oj com po nent, lJPIl{"C, 1\1!
ruu c!l'riVl' And rrcm Component. Note thnt ('aeh or Ihe low-Ievd gat t's conta in their
' 11\'11 pr oce s s ( ) 111l'1,IiCHI, t lwrdJY o\'t'rridill g the virt ual proce s s ( ) member Iuuction
ill l ilt' h; I~I ' Compo nent dH~S,
T hr' p;all's an' alsu related to the Input nud Out put classes via severa l aggregation
n ' l a 1. ill llslr i]l~ . similur 10 Ilw Ollf~ mentioned ea rlier. These relationships al'l' used to
iJ hl ~l m ll ' till' 1l11111 b l'r or inp u t. am i output por t s cuunined within each component.
For l'Xllllll'lf'. II 2-inJlIlI Or gat l~ rontalus 1.\\'0 inpu ts a nd one out put. T here fore, us
1If<' I·a rrlillal il.\' i ll t ill' diagrum shows, the Or gale physlcully contains two objects
i n ~ l illilin l l'd Inun IIII' Input eluss a nd one obj('(' l inst.l\lIt iHted from th e Out put c1Hs.s.
{)IIIlwslll'f;u'I', ii, IIll.\'S(~' lll llS thougheach ccmponmu mai nt ai ns two d iffere nt sots
or ilipul Ilorls find two difforuut. sets or output ports - one such set is inheri ted fro m
il s 1 J;l~I' Compo nent clas s, and anoth er set is crc ntod from lts aggrega te datumembers
II"llI'lI it is ronstnntr d. However, t his is not t rue . Remember that the Component
l'u nlains 11m lisls whh-hxtor e TlO i7ll-r. ,.,~ to Port obj ects and lIot Port objects thclllSC!l\'cs,
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The Port ohj ects an- nutunllv ('watl'll by elassos l!('rin'll frnl1ll!Il' Component t'las...., :\s
such, whcuu derived compom-nr is iustuutian-d. ils l'llILsl rLll'lllr willmll!\l<,illl l'l''; 1" lts
inpn t / output. por ts to t l Ll~ nllTPSp tll ll li u ,!!;\101'1. lists il inlll'l'its from tlu- lursr-Component
class. III t his way, the hase Component d ass C'l111 haw a ~t'lU'rit' nux-haulsm whkh vnu
t raverse inpu t, lind output. ports, (' \ '1'1\ t hollJ,!;h it, c!ol'sn't know in adm 11C'I' hull' llHlILY
such port s itl; de rived CClU I!lOIlI'I\IS will have. This uux-hnuixm is uu-n inlll' l'it l'l! h,l' all
of it s der ived classes inst ead of hln"illg-to 1)(' duplk-ated ill ('ach 11m',
The Conn ect or Class
Now that. we have provided a means hy which [nur-t.inna l uul!s of rlu- r-in-uit 1I1a .1'
he created, W(! next lUllSt, dc'vbl! H st mtl'K\' h~' whid l IIII'M' nuit .... 1111.\' l'o mllLlJnil'01II'
with one nnnther and with t heir 1':.;1.1'1'1111 1 illpu t... 111111 outputs. As nlhull'd III f'Hrlil'l',
communicntlon between components will lll ~ halLdlt'd II)' t ilt, Port arltl Wire t'la","f's,
However, iustnnrl of s imply erellti ng: thest' das,'lc'S indupeudently From OIH' uuotlu-r,
we note t ha t both thoso dasSl's have a COllLllLtllI u11lli'rlJiu/!: t.ht,tlIt'; uaun-ly , tJll'Y a rt'
responsible for COllllCc/. ifl!/ ent ities toge t her, IIcm(:I~ , it is uuunul to 1,11ink of pm'!.s 111111
wires as being kind vI connectors, s ince por ts t:olltll'c:l eOHl Jl(J IlI~ II L'l to Ult ~ I'xt.t'l'llal
world and wires COUllIX:t 1.11'0or wo re COl/ LllIIIWIII,s t~ ll-\dILl' r. T IH ~ I' t ' fol'l ~ , wr- c~ rt'" I.l ' a
common base class called Connector from which WC \ ,'lUhSt!ljllt·III.1.v llt ' ri vc~ l.lll' Port .unl
Wire classes , Th ese donvaucnsart ' illus t rnterl ill Fi j :u Tt ~ ,1.7,
Th e Connector class contains two virtual nuunlmr Iuur-tlons, ger .atgnet O arlll
sen d_s ignal () . T hes e methods are Tl'SJlollsiIJII! for obt.aiuiuguud t ra nsllLitt. i lljl,s il-\ua ls
respectively, hence provid in g till! necessar y fat:i li1.it~,'l for inter- und j" t.ra-t:tltrlptUll'lJt
signal flow, Note that th e Connectorl:ln,'ls itsc ~l f IIOt·!'i HOI,actuullydcfim: t,III 'St' IIld llllt!s,
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Figllrp,1.7: ConnectorCIIl-'>'; Diagram
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I II ~tj 'ml , it rl'l i l '~ upen llu~ speelalized classes derived from it to aetllally implenmnt
1IIl' SI'IIHlIl lics (If thr- two Il\~l h(){ls. Virtual fuuctlons whichcannot he iuiplcrneutcd
I I.\' il lli\s(' d nss due to its hiAh level or nletmction lire commonly referred to as 1JUrl:
"if/mll !w/{;ti rlllll, I3l'calisP t.l1I' Connector elnss cuntains pure virtual functions, no
objl'l'ls ('1111 Ill' insla lltill tt~ l from tills class. A class which cannot have instances is
cnltod;1Il IIb,~tmd IHlIlI!d(l,~,~ , 6 As Cll ll he seen from the dlagrnm, nbstract base class
~ l\"t" llmt " \""II IIMllljl;h " bjl','ls lrmy lint Iw iusl;l1Itia tcd (Willnn n"~t ratl base class, it lspcrfoctlr
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Tn t he Ir Ct o( Connect or Inrlu- liwm ' is l ilt· fa ll-Out d a..... i \t~ ·a Il Sl · t"1LII, ~ ·It 'I}l an '
r rspcnsible (or t-ollll,'d illl\:("(IIllIKIIU'IlI.Sh !J!J.·t ll('r . 1I1t'~" mllsl mainta in a l is l \I ( 01111 1...
components to whit'h l ilt·), Ilfl' 1~11l 1I,~·t,~1 fur II", p Un KIN.'" \If "iJ,:l1al prupl'Aan nn and
vcrtlcnl hlcr nrchy lrn\1'fNll. T Ill' Ian.c ut l'1a~ is a:;.. ... lt'iH h~ 1 with ti ll' Connector d;J s.~
by a plrys icnl uggn-ga rlon rclntiouship t';wh Connector l'1a:;....physk ally c'lIlllains a
list of poi nters to componeuts. T Ill!Ian .out clas s iwquirc'Sits Iisl, l lil lll ll i ll~ 1';Jll;l hiliril'S
hy ins l,illIHatill g (rolll l lw li st purunmtnrizerl d ns...a llli IIr Ils;llA r,h,' Com ponen t d as....
T he pr opagate O lIl,'ml)l'r fuuet lunuf thl~ Connector t'lHS.'1 I rn l""I"St':i 1.I ll" ,'ulIIl''' IIO 'lIls
ill th e fan-o ut list nnrl Sf'llIls Component : : s imulat~ ( ) rtlI'SSHV,' ':i I" "ad , " ( , I,,,m.
Th e Wire class . lUi IIU'lllionl'i l parlier, is ,1" ri Vl ~1 from tl,,' Connec tor ..];,s..... h
physicall y conta ins a signals list whid l is insl lllltia ln i (n lln t ln-List I,anllllf"ln izl'il d i..........
using t he Signalclass. The Wire c1m...... mTrridl':i Ihl~ ge t .signal() mill send~s i gnal { )
me tho ds. Th e get _s i gna l O IIwt ht.1 simply t fll\'" I'St':i the' wlre's l illkl~ l list u( uu«-
ordered signals Sl'ard liuJ; fllr 1\ siv;nal whis-h "n ·urn ..\ nt II sl'c"'ili''i l lilll" at..1 n -turus
the l'liglllti. T he s end_si gnal() 1I11~ lh(Jf 1 u( ti ll' Wire I"1m...... ;1I1,ls a slll~:i lj ''l J si ~ lm l l~. ils
link ed list oCsignnls ami thenntt empts to pntl )ll~a tl ' it tu al l n lll 1fl' ml' 1Ils ill it" fa ll-,m l
com ponent list nsillK th e pro pagateO lI11'l,hllll iI. illlll'ril.,..1 (Will its Imsl' Connector
T he Port elMS is I!I!riVl',1 fm lll \.Ill!Connector I"lm'is. T l1is das-<;f1wrrid, ':i hol,1I
valid alid indce..1nCC(~Mr)" III llla" y dn: l(1Us' I' IIf1 '"~ , In ,"fl'a l l! l'"iUIo'r s I." t 1,,"St, lmS" !"1m'''' .... TI,,· r"'t
t hat II dcri Vl'd c1IL<;'~ JllJinll" cnubc nsslgne..1 t l> u IIl,illl," r til il'lI I" I,li,: IJ;L",· ,"I;L<;.'1 wil.lll>ll( u n L..t f'lf tll~
tl ll.!foundlltioll llJlllIl wWrl; IIlJlylllflrjJhiNlni~ I ~...",,,I.
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tlJl~ get_sig nalO aud send _signa l O ml'th cJlls of its lUL'ie cla...... In add it ion to the
111'riVllticm n!lat illllsh il' IlI't ll.WJI IIII' Portda.ss and th l! Connl!Ctorda.o;s, an aggregn-
tillll rdatillllsilip nISI, I!xisb i l lf'lI~l'C'n theN' two clllS.'iI'S. l:u likc Jl~\·KJIlS contaiument
1l. llIrlI lIll!/It sll~W';L" Clllllllir lJlll"lt II)· p ointer (or referellcc) - the Port class eomalus
n I)!liut r r t il n Conn!CtOl'«:Ill:..... This pointer is refer red 10 as the Port'~ uLenlflll:oll-
1I1'11:I..O f . O' 'II'IIILo;( ' II Jlo illw r tcu IUISI! elass ClU I l..,;itinLntcl)' po int to 1I1l)' of it s dcr l ve l
dlL'NI'S, t llis f~xl.f·nlll l Connector pointer can po iut 1.0 r it llf'r another Port cluss or 10 a
Wir':!d nss.
Thi s [Joinl,!'r 1:I)lJ llliJ) IIl~ll t rela tionship is r~l lJ i rl'd for the hierarch ical tr nnsmis-
sion of si~lIals t hroll~hflU t t he circuit. I30t,h t he get_signalO lind s end_sig nal O
usuhods fl f Ill!' Port rlass l'xploit this relat ionship so us to verticnlly t raverse th e hi-
" l1Irrhk al rrl ln'S('III:atioll du ring simulation . TIle get_signa l 0 method of the Port
diL"I.S t ravt'ls rccll~vcly Illll lll! hie m rc hy via the cxterual COIIUl...-turs until it eneouu-
trn; ;l win' , lit whif'h Ilo iu t tl lC'get_signalO met hod of the Wire da.'i,!;",t1lrns IIII'
fl't111l'Sll'd !i i~na l (mill il... si gnall ist . Simila rly, tbe send _81gnal ( ) met hod o(thl' Pert
!"las... t rllllsmiL.. a ...i~llill Ollt via a series of rx!.en ml ron ueetors 1I11LiI a wire i'"f'1lf~ JI IIl-
u·rl'l l. a t whidl IMlillt the send _signalO method of the Wire ob jeet storrs th e sil<:lllll
allcl IIl'OIJl\~atl'S it.. The sen d_signa lO method of t.he Port dn~ 1111'11 pnll'ilWlll'S IIIf'
Si~ll1\ l to all rompoucnu.. ill its fall-out . T he two se nd_signal() IIll'l.hmls of IIU' Port
IIIHI Wire dll.'~;f'S nil' pn .'li(·ut l'll ill Figure ·1.8 lIuel Figure 4,fJ, respl'l:t.i\·l'ly.
Note tllll \. l.hl! nhstrnct d nss adornm ent is st ill Jln'st'lll OILti n' Port da s... T his
is lxeauso th l! Port dass is still to o j!;1'1lt' ril' t tll K' lIsl'll for I)hjf'l~l iustaur larion. WI'
I' n '\ l 'nt instnnti a t ion flf tho Port dllss by llIakin~ hs f'un~ t rn l' lnr IJrIIlc'<'t1'll. tllI 'n 'hy
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Figure .1.8:Sl'lld in~ II si~nal l11 II Port
void Port: : s e nd _s i g na l ( Si g nal 6 i g)
I
e xternal->send_signal {Sig} 1
p ropagate (1 ;
Fill;llrI'·l.O: Sl'luliUI!; a sil!;na\ t il a Wire
void Wi r e : : send_s ignal (Signa l gigl
I
add_signal (s i g);
p r opa g a t e ( l ;
imp lying that on ly derived clnssns tuay enll ils eOllsl.mrt,or . Th t's!' !l1'rh"I...1dns.'il'sruu
subsequently he used for Insuuubulcn.
Fina lly, t he Input lind Output d ass('s aw dl' rlWII frnlll t ill' Port d ass. BI...·al lsl'
the constructors fo r these two classes nre \luhlie, 1~() IlI POIll 'll t.S llIay illdw h' input. und
out pu t port objects as par t of their rt'(ln:~I'I1 t.a li ull " T ilt, oll r", major pUilll, o f lIull' In-n-
is th at t he Input class redefines its send_sign al () J1 1t',~S aw! 1.0 Ilispla,V 111I errur insl,l,atl
of sending 11 sig nal, hCI:lIUS{\ inp ut, pnrtx run unly n '(~(' i \'.~ si,L!;nals, lIut SI'11l 1 1.I1l'11i.
By using various comhiul\tifll1s uf dns."t~s d(~riVl ...1 fm lll thu Component elnss and
Connecto r class, it is possible 1.0 lmildurhitrury bku'ka of logie, For exampl«, I'lJIIsidl'r
the construc tion of It 3-ill JlUt AND gate IIsing two 2-in ]lut ANJJ~al,f!S " Sud I a gat l!
would contain three input por l.~, lUW ou tpu t po rt, two inslalll:I'Suf 'l-illPIlI. AND gal.l~
and a wire. T he const ructor would t hen 1m rI'spIJllsihh! for (:IJIJIl l'I:lilJl'. all till ' [llII'ts
and wires together ill some meaningful fushlon. A floodl dlng mm ff'l' fl'SI!III,illg a
n
:l-iupllt AND ~a !.f ' i ~ JlTI '!ieJll(~d ill Figur e ,U O,
Fij.\lm~ ,1.10: Class rliaj.\rHm of II 'l-input AND Wile
And2
Input Output
T1 1C ~ Ol il ,~' lssu« Ii~ft t o addn 'l'-.'i i~ how tho elassos l!esc:rilJe!l uhove i ll t!~rad to slur-
IIlnl.l' a uircuit.. T he fllllllaull'u l.als bchlrul t he sim ulat ion algori t hm a rc discus sed ill
4.3.5 The Simulat ion Algorithm
III~itllJll istk u-nus, l.lmximulntiouulgorit hm umounrs to nothing more than IIdepth
r i l'~l , tr aversal of the nfnrc]llPIlLiolled three-dimensional hierarchy of components, ill
\\'likh Sigil li Is are propaga ted hot.h horizontallyacross the snmn hierarchical h'\'c1 an d
\"l'rlkall,\' lbmngll diflercm hierarchicnllnvuls. One of the primary differences between
t.his npproarh a nd the dassil'1I1event -dri ven approach is with respe ct to wlle'l events
art' prnpag'!LI'(1. III tho glubal queue approach, events an! entered into a sorted event
list und urr- prnpllglltrd later ; whereas ill tile distrihute d queue a pp roach , events a rc
('I1(('l"l'll intu au 1'lIn t,r'S output (llWIll' and arc propagated immrd illtd y, if poss iblc.
1I5
T he nlgorltluu itself is SI'1 ill morton when t ill' top-level l'l11l11HlIIl'II1 n 'cl,in 's a
simulateO mossnge. T Il{' sl'lIIl\nl i1's of t his lI\l's...;a~I':\1'l' fairl~' slt1li~hHt1rll'lInl a w l
can 1)(' summanzod with 111(' flllli lw i ll~ IISl'm lll-l'O, ll':
Component::simu late ( ) I' S'II//.!'Jill' /Ill n""1Jr""'/l I,~ '1
whil e (compoucut inputs an ' n'ncl~" al 101'U/ Iim,:) do
in cr ement Im:lll lillw of l'OIllI'0 Ill' II[
process inp u ls at IlIml iinn: - I
don e
No lll tluu it, is important thnt. l.hr-I" n ll riun uf [,Ill' \"UllI p UllI ' lll lu- illnl'lllPlIl l' d
bldore the pro cess O method is rnlk-d. If th is is not dOIlI', 1,11!'1I IIII' lll l',l l lillll' will
uC1I(:r he lucrcmented ill easl'S where fl'l'llhm:k is 111'I'SI'II I, ill 1.111 ' eireuit dl' ,";l'l'ipt.io tl.
Th is woul d res ul t i n a IIfIll-t,en llilll\l.ill~ simulatioll .
Because the pro cessO 11l1,t,hod is virt.ua l, t ill' aI'lio us tukvn hy 1.I1l' sl'fund lilli' IIf
tho while loop dopond upon \\'ll(' lI ll~r ti ll! componenr. o\'\'l' l'i d ,'S tho proccssO IlId ,IIt,,1
it inherited fro m the Component hlllil' d llSS, Compon-nrs whirh a n ' ('urllPOSI ~ 1 of Hu h-
enuponcuts clo 1101, ty pically prov ide t.heir own process () IIII'1.hod , III HI.('ad, 1.ll',V
sim ply inherit t he sumo muthm l <I,"; (ldi llec! ill I h (~ Component ImSl! d llHS. TIll' 11'-
havlo ur of the pr oces s () met hod ill t his elllie is I,f) l.raVf~rHf' l.Iu' input Jllll'l. list llf tln:
com pon ent a nd to send simulatoO rnl ~sa)..\l'1i to allthe l'ru ll.'rldl 'll SUIW/JIllIJl Jlll'lI IH,
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Component::pr oces s ( j) /~ Fur Iti !lli. /t:vcl co" '1l1JfwlIIH~/
for each (iUjlUl lmfl of IXHll jl OlWll l ) do
for each (l: (lll ljl OIWlll ill fun-out of )10ft ) do
slmul at errunpnnent
done
don e
11 t'IW(~, thodtofallltl ll'!tavinUf of the proc ess ( ) method is to p.s.~cllt i 1t ll.v l!l!S(:CU<!the
1 ' ( ' I U·t' ~iP11 1; Ili l)lI hieran:hy, informing lower-levelcomponents to prOCI'SS their inputs, A
('OmIIHlu'lI1. whirh mlll,nius li n subcomponen ts and (IOI'S not override tho pr eccee O
virtual flilidioll of t.llt' hast' Component da ss is d fl'ctiwl y trnnted liS II lI11ll l't llt lp OlWlll
,~ j I WI ! it i .~ nut. l 'a p llhJr ! of prmlnd ng lJll1.pnl.7
COIIM'ljllPlil ly, (:fIl lI lJ ()nr'II1.~ which un- located al ti ll' I()\,(..st lnvel of tll!' hierurchy
(1.1 1111,is, l 'll ll l p 0 1l!' 1l1s lIml, do not contain subcomponents} should pmvkle their own
pr ocess () tllI'thud, llltls oW'rrilliug the pro ceaa f) method ill t.llI! base class. hi this
nLSl " tlJ(· pr ocess () method will tYllka lly l'lllllloy the method Port::get_s igna l() tu
nbtain tln- input. sigllllis Ihat orr-um-d at 1,llc current Im:al time of the componcut .
T h.. pr oces s O method then performs SOIlWlogic or enlculntion based upon these
IIlPllt.s und thou Sl!wls t.hc' IWI\' siguals to the output ports of the component using
tlu' md hod Port::send_s ignal O , All example of such 1'1sequence of operat ions is
7A Iri\,jal lllmlilin llloll to tIll'simulator"llgiul' l'Ould ,1NCl:t null cmupunents duri ng run-time ami
, l i~l'ray i\ t1ingullsti, : r'rror 1I1'....~'1;'· nolJ ('1l they 1IfC ('u<XllJllll'm l dllrillg the sinml;.t jllll.
lli
dcruonstratcd by 1111' fnl1\1w iuj!; jlSl'lltln-t'otll':
Component::process (I) I ~ For If!w-ll'I,d l 'l"/lINI /W IlI.• '1
get i1l711ll,. from input s ports at. l,jlllt' t
calcu lat e (HlI1ml.< bused UJlOlL i f/l l1fll'
send output,. to output ports with l illwsl alllp I -I- rldll,ll
Note thnt.whenadding 11 11"\1' lnw-lnvt-lt '1lI11111J11C'111,Ihut. t't''1l1in'S ill' 0\\" 11procues O
method 1.0 uucxlsttng l'Olll! IlIlU'1I1 lihrury, tlll'fl' is 110 11I'('(l lu adt l it 111'\\' case 1;,lu,l lu
a lengthy s witch st.ah'IlH'1I1.to 1'1I ~1l 1"t ' tl Ul1 l.11l' c'on t'c'l, process 0 Iune-Linn is iun ,I\I'(1
for the new tY llt~ of component. T ill' virtua l Fnm-f.lnn IIH'('lIa Ulsm will iuvukr- tilt'
correct pr ocess O method for 111l' eOlllptllll'u l, at. run-uuu-.
The implemoutajion of t.11I'simula l.or 1'1lj!;iIU', is for t ilt, Hlll"(, pnrt. illlh'p l'lUIt'1l1. or
the GU: discllss(!d iuthe PI1!ViUIiSehuptnr Ihi' silll lllatort ' lIll;illt, lila,\'1)('run wit.hun!
the GUI and vice versa. Thi s fenture rt~ll l t s i ll lu tlSl' l'llll p lilll4 , IIl1d 1,lu ,t't,rll l"t, llwkl 'li
both the aur ami t ho «ngiuo n-nsabh- I1S st'pamtc' aIl I.O!HHllllllS 1ll00111 h'S ill HIt'ir 01V1I
right , Details couccrulug tho illl,c:l-\rat. io Jl or t he GU I aw l t.hl' Sil1l11IHI,Ol" 1'1I/!,i lll' an'
presented ill the uext chupter .
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Chapter 5
System Integration
CII1lJl l.l! I'N;"\ und -Id('~(: ri h('d the huplctueutnticn of a GUI Icr digitnl circuit layout a mi
a simulator l 'llg ill~ for digita l circuits, respe ctively. These two software enti ties can
l'ad ] upornto as stand-uloue aPl' lk llt iolls; unfort una te ly, th ey arc each limited ill th eir
flllJd iollality. TIll' GUI layout application has no integrated simulation capabilit ies
and thexinmhuoreng ine has a very primitiv e!in te rface by which users must tediously
clt'sl'rih!) uro l:inllits and their inputs tex tually and then deciph er the text ual signal
ollt llll(.S nrter simulation. This chapter describes how these two separ ate entities have
hccn illtl'gral.t'd togl ~I.lU'r to form IIsingle appli cation from the porspoctivo of the end
!l SPT, thereby provid ing the benefits or both so ftware units. TI lt! ad vantages or t his
hi/;hl)' modularapp roach towa rds system integra t ion will also be discussed .
5.1 System Integration Techniques
III nrdr-r- In intcgrnte 1.1l1'aUI and the sim ulator engine , we must devise II means
whereby 1111') may cc uuuuulcute with one anot her. In essence, we waut the aUI to
be abl e to send the input signals and circuit tll'sni pti \lll t il ti ll' sim uh'ltn' t'lIV;illl'l\1ul
we want the simu lator ougim-10 Ill' abh- to trnnsnnt.the resutrunr utuptu siV;llabbark
to the GUI for prcsoiu ation ill th« siV;lla l waveform tlispla,\' wiudnw. :\s ;, HOSUI! ,
the chosen comunmicntion mechanism IIm :;l, SllPIW1'L lridlnx-tiuuulism11l'1.wI'pn li lt'
two soft ware uni ts . A dd illg to thl' , l il ril~llll.y of i lll.q~ra l.illil is 1-Iu' fad ll m l l i lt' ( :l ll
was w ritt en eutiroly in Td / Tk whill\ t he slmulntnr t'llp;iru' was illlp l"III1'Il11'd ill (; 1 I ,
Hence, linking the two modules t.ngl't.Ill'r ill the rOllwllt iolia l St'nSl ' is nol all o pliull,
since It rctocatablc object modu le rnuunt "t~ gt'lIl'rah'll for 'I'd StTilllS,
One lutcgrarlon strategy \\'ould bo to ('mhed tIll' Tr-l sn'ip t iulU a C pn lJ.\WIIl,
devise n functional int erfa ce between the C program a nd I,hl' C I ! si lllllla l,ol' 11 111 1 then
to link the res u lting object module, togetlu-r. 1-10\\'('\'1'1', this Illl'Uuul \l'as n:i1' l'IPd
becuuso it is so mewhat eomplie nted and lll'c allsc it, lIlay I'olll rilllll,(' to Oh~('ll ri ll V; t.1I1'
dis ti nction between the layout editor ami l,h(~ simulutor "lIAilll\. As will hI' j usl,ilil'd
later, preserving th e rclnrivc autrummy of tho GUI a lit! f.ln-silll ula1.ur l 'lIJ.\h ll' 1'1 1-
tributes slgniflcantly to the potential rmlsahHity of t~lU'h unit..
After weighing some of the c ptious, it was rh'l:iJlcll1.lia l,a ('(11II1ItIlful,Ji,wliw' shun III
he used as the fuudumcntnl conduit of lnfo rtuntion tm nsf..r IJI\I.\\"I" '1I t,IIl' (; 111a l ltll.lll ~
simulato r ongiuc. Using a pipe , 11sim pll\ !>l'UtOl:ol rouhl In ~ dl'VI'lO)lI'l1by wlddl 1.111 '
CUI and simu la to r cng lno would 1'll!lll ltlllkaW w ith mil' uuuthur, III mldil ,loll, t lil'
only means by which the GUI ant! thl' siruulutor would illtl'rw:t wlth ' ~HI~h oth l'r is
via the pip e, t hereby c neu llfitgill g lOllS! l:ou p lil1l{hetween t ilt' two lIIolllllt'S. II s illll, h',
high-level overview of t he system 11lorld showilll-\ how tlln )li llr~ 1\ lIal)I,:,~ illlNar:l.ioll
between the GUI and t he simulator cngine is !' f1:HCnI.N[ ill Fill;un· rs.L T ltl' Illllnlwrs
loca ted ill tilt'!sma ll nod Illes of t he /iKrm~ fj 'pre.'il\Ilt. 1.111 ' fllu r s1.aIV~'i nf l.lH' in1.l·nll:lioll
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(; 11t/IM r:lll IJM:7' (0)-- = === - 1
1711.,:7[111:,: BIDIRECTIONALPIPE
('I'd/"')
FjAlI r(~ ri.I: ClU li mll ukal.i CJlI lJl!twl'f~n the GUl llllclSimulator Engine
Cirnnit Drscriptjon
11I]l1lt. Signab
Of pnrtieular iruportatnx- is r,lw bidircrtioual nature of the cctntunnr l pipeline .
fo.']all.YSOn.Wllrt: apllli(~a ti{) ns aln-nrlyemploy (lipr.~ 10 nchlevc couunuuiculon hd\\'(~'1l
1,1I'1I01" IIHm: sl:parllle Sfl n ,WHrl' 1ll00Inl(:s , However, that. romnmnhnfiun is usually
uuidirt-etiunnl (lIl1·slIfl.ware ull Mluh:prOfII1l:l'S(llI l.jlllt. lI'hith is thennutnlpulutcdaud
Sllpplil:d lt~ tIl(:inpu t 1.0 nnnther upplicurion ow ]" t he pipe, At. this [Joint, the lauc r
1I1 1111katioll nUlIIol send informat ion hark thw llj.(hthe pipe to the original module.
This mnv Sl'l'l'rd ~' limit the functionality 1Hulllc xihilit,\' of the software applleatiouns
a whole. A hidin'I:l.iollal pipe, however, ruakes it possihln for two nr lll OW npplientious
I~ I " Iu'ml l' as )l1'I 'I"S. IIIsl!ell a snununu. 1111 of the modules have the ahility to s('1ll1
datnIII and n'I'(!jV(' data from mil' another. T his 1II11kt's it jJfI.'isihlr. to uclncvc more
1 1 ('~ i hr l · 1 H'ha\" ioll r, (·SIll'd llll.l' (}lIlhr. cnutex t nl sevcral modules operating ill parallel.
5.1.1 Integr at ing Module s Using Command P ipelines
IMun' Ilis('l1ssillg tlu-sp('('ifk detailsof how 11 conunundpipoliucis !lS/'(1to mml,tt! I IH~
Gl:I aml1lI(' simulntor tuunuunmicnu- with UlWanother. a brief overview of plprs
1lI1l1 a small l'xHmpll: or f.lu-lrupcrut lon b proout ol.
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Consider . fOreXallll'll' , n sitnut iou ill whk-ha 'I' d :;('rijll wisill's IUSl'lIt1 l\11l111llllh. ,r.<
to n subproce« whic'lI willll .!.lllu'SO' two 1111111111'111- uud rln-uSl'llll llll'i,; 11\1' SIIll!.1 Sill'll
cha racte r (addnua ) as II suhpmc·I'S.. . A nmll ll:lI11 1 pil" 'lilll' is t1 IH 'lll~ lllI tluu IH\ H"t'SS:
the standunl input and suutdnrdout put nf t lll' suhprol"t'S.'i 1111.' t il'l l I" Ihl' lil!' i'\"llt ili,'r.
f id, ret urned hy t lu~ open t1 11l1111l\lld . WIIl'1I1' \'I'r Ihl' s llhpnH'I'S.'i n ':uls From s ln lld iln l
iUIIUI, it is adull ll ,\' 11'1l1lillf!; iufornmthm put. iutu IIIl' pip" 11,\' tln- 'I'd sl'l'ipl vin I hl '
file ident ifier. Likewise. lil ly lnfunnntiou tha i, 111l' sllhpw l'l'Ss a l,It' lIlpl s III clisp ln.\' '" I
s tanda rd out put will be in ll'1't1'pl,t'l l hy the 'I'd Sl~ri pt , t.hw l1j.\1tt ill' lilt' illl'lI1.ilil'l".
Figure 5.2: Tel St'ripl 0 IWlliIlA11 PiIH' ru all I ':",c ~· ll l a t.tt'.
• ! l u s r/ l o c:a l / b i n/ t c lsh
set fid [ope n ·I addnum" · r ..."I
puts Slid - aa - . puts Slid ·24 "
flush SUd
set r es u l t (g e t s H id]
close Sfid
pu ts "The s um i s Sresu l t ~
; ' Open p ipe t o e xe-cut.eb Le ,
; ' Sen d t wo num ber& t o iHkl .
;' Flush the o u t pu t buffer .
;. Read bar;k t he !)UDl.
; ' Cl ose the p i pe.i' Out pu t t.h e s um.
The s llh prm:t........, addnura, ill\1Ikt'l l 11.\' t ill' nhO\'I' 'I'd SI 'ript 1'1111 hi' wriuen ill 111.\'
lan guage , eitl wr illt l'rprl't l'(! of m mpilf,(1. Ti ll' lJllly lI S~llIl1 ]1t ion 11I111 11,11,\' Iltl' 'I'd snipl
' Thi~ c lCnlll ll lc IIl lly ll ut IH' ,~~ 1 ~'lIl ri \Hl ns urn- IJli j!,hl think . Sill l"(' 'I'd snil' l.SM " iuI" IV II'1I' '', i l
is numrnlly guillg muxe eutn tunm slnwly t han 1I I'o ln l'ill~ l lJl ll a r)'. As a u "IlIl., if "II" is "\':d lll>1iIlJ',
u l:ou\"oilltell ~xlm'S~iml t lmt hll'ull'c'llIIIl IlU'I"fOllS i lt 'ml i,,"s ILI" I1.i u lI' I~ ,nsll rni ug f l>nlr" l ll " w, IIII'll
sending the raw IIntll clown n Ili l" ' IU IUI ,',u~1 cllcl , Ir' f" r I'rHn 'S!< illg lon,II.1WIl fI'lid i llJ~ tl... It 'SOIII 1~lI'k
rna,. "ctlla l1y II" rllstl'T ll'''IlI'' ~r rurlll ilig t lml'Uli""'\"lllullli"lI i ll IIILI,j"" Td.
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'If 1.111' ~llliprr 'I'I ~s~ is rhat it tab~ twn 1I11l1l11l'1"S Ir.unstandard input and produce t ill'
~I II II or lh(~" 111'0 IIl1 l11h"ni nn SI.HII,hJrfI OUI[ III t. SuchIL prcgnuu . wrincu in C++ , is
pr"S" 1I 1,~1 ill F il-\llrJ! ii,:i. i\s.'lIJll Jinl( rha t till' toJllp ilPr1 addnumbinary bill the SHInC
din'd oryas ti ll' 'I'd scr ipt, tho ,'ud IISf' r 1111'(1 ( 11 1)' rUJI theTd S(~riJlt ; 1,1:r. addnum
hiunr-y willlu " X I ~ 'lIt, l'd t runspuremly 1.0 tlll~ nsnr.
Fi,;urt';'.: 1: 'Fh.. C++Prognun add num.
' in c lude < r c s creem.b>
i nt
lIIiI in ( )
{
c i n ~ ~ num _l; c i n » nU!l\_21
resu lt: num_l + num_2;
c o u t ~< result;
return 0;
/ / Read t he two nu:nbers,
/ I Evaluate result,
/1 Prin t t he result.
/ 1 Execution s uccessful .
5.2 Advantages of Usin g Comman d Pipelines
Illitia ll.\', it lIIay »vm thnr lutogrnting I\\'O applications together viu a command
l,ill,'lil U' Imuld Ill' dillienlt 10 implement and unwieldy to admi nister. Iusteud or
rll'l't'l o pilll!,II s illgl,' ilpplkntioll wlikh «hans all t he necessary information lntcmnlly,
tlu' t ll 'si ~lI l'r lllllS!. iusu-ad nmint uiu two sclJun t l' npplica t.ions, an" ensure that ti le )'
an' horh 111111'to nnderstnnd Pilch otb{'I"s protoco l 11'111'11it. comesttmc for t ill!1.\\'11 soft-
Wll r<' tl l1 i t ~ to shan ' lufonunrlou. DroslJjt l' this apparent d rawback. there nrc severa l
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noticea b le beueflts Irmn th is ~t rn lt'K\"
From n pnrd,\" sor1\1"111'1' l'nll;i n ('I'I'ill~ pl' I'l'!Il'l'l i\'('. splillin.u:I Ill' illlI'1I'1I1\'111a til1l1ililo
two se p a rate uulrs cnfon-cs \'.'r~· llHI:'I' ('n u p lillj.\" 111'1\\'1'1'11 1111 ' 1\\'t11\11Ill il'lllil II1S,1111'1'1,1.,1'
making each or the units nmre aut onomous and ('olll'~h'l ' , Thl ' 1\\'0 Sll rt ll'ill'l ' units 110
not I'\'CII shaw 11single global \"lIriahl" lWI.\\'I'I'1l t.11t'1Il ,h a !'I'sult , Slll;lIilil'l\u( d \il Il ll,I'S
1\\1) uui ts scpnrn te, WI' oulv ~h l\ J'{' HS uun-h inforntauon as IU'l' \,SS111'Y h\' I\\'I' I '1I un-m
via the command pipeline , 1I111 1 the IWl l 1II0<l1l11'S lu-eu li p;III I,\' lUlll lu1111g,1'llll'r, !.Ill'
tcmptat.inu to share numerous data structures 1)('1\\'1'1 '11 them would hi' \'1'1',\' sl,l'UllJ,\,
Subsequent ehuugcs to the« : IlaUt stnn-t.u rrs would have 1'('IIl'l'l'll ss ioIlS 111al Wllllid
permea te throug hout t.I11~ I'ulin ' irlllJh'lIIl ~ n 1.ilt.ioll , n,v 1ll0111l1ari/.illll; t.II(' <all umlf.ln-
simula tor 1'1Igilll', t.hedfl 'd s uf nHHt1l1iU111h'1II1'l\la l.iou l'1tllll J,\I'S ill .11\1' Illln!u ll' III' m)1
D....creating 1I r-lenrimplemr-ntmion dis l ind iclll 111'1.\\'C'I'1l r,11!' ( :1)1all cl l.lll' Sillllllill,llI'
engluo, it beco mes much nnsil'r to 1 'I !tIl0\'1 ~ IUlt ' of th« lrl odu h'S aud 11'1'1:1"1' il wil l.
ano ther that hns similar c:il ilabili til's, For I'xaru p l l ~ a d iff"1'I' III. C UI wnuvu i ll 1111
onttrcl.... differen t languag e may Iw phwl':Il 011 top of till' l'xistillJ,!; Silll1llal,o l' l'ng ir ll',
Thc two willstill ln- able to l:tlmll lllllil:a1.1' with 0 11(' 1I11ol.lwr III' IllllJ,\ as 1111' IIt!W ( :t il
p rovirles the s imu lator 1'llgilW w ith HlP IWI:I'S"';'; lry dl'l ails r"J,\llrlliup. 1. 1Ic ~ strururru l
design o f the clrcnit nud call p a Tht! nl(' Hutpllt \\'a\'I!forlll H'sll l1.s W'III'm 1.I' d b,Y till'
shuulator unginc .
Alt ernat ively, i nst ead of replucinu modulI's, \\'l~ I:oulll 1l1ljl,Il Hm1. tlw SySI.I'lu n-la-
tivnly soamleasly hy adding new U1 l1flll les. For I!Xlllllpll!,if OW! wI' n~ doiulJ,II r-ompar-
lson of two different dtscrcte-cvuru si tllll la l,nrs , tlle SfIlJU' (lUI r~I lU ld !ll' I'r /l ploY' ~d to
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illvnkl~ I 'i ll ll~r IJf t ill!shuuhuors. It is II trivia l matter til enhance the GUI to invoke
1 ~I I V i r< JJlII I I ~ tl t would 1111\1' to Ill! madl! to cOliform with the four phnso eomnmntcatlon
A liot lil ~1' ar lvallt.Il~r. of rigidly pa rtitiuuilll; t.hl' G UI and t lw silllu la t nr engine into
twu db ti rlt:l app lil~al, iuns is that it. establishes a framewor k by which tile two units
IWI,V (' VI' lI ll l,l lly roununutc.ue wnh r.adl other lit tho socket 1r~U'1. Th is cou ld lead
to ~I'vl'ml IlI'udit,s sill !'r? t his implies that r.hoGUI and llu' si mulator cngine rln 1I0t
ru ~,'S.~a r i ly havel.n 1)1 ' running 011 thl' same IIlm:hille, For example, severa l people
clIlIlrl c'H1Il'I'ivahly hI' lI'orking 011 th l' Ill'sign of 11 r1 i!rI 'I1 ~ ll t cirt:lIit, snhs ystr-m lISill g
dilh'rl'lll. GUb 0 11 wry limited v;ra pltics tcnnhmls. Thoshnulator ongine they 1111
II SI' , however, could h I' runuing0 11 a high-powered uU\l:hill c wlnchis nC('~'isi l )l c to lilt.
T ill:Inl1lSlliissiull (lr I ,h~ structu ral elrcnlt informat.iou to t he so-ca ll ed "simulauon
S('fVI'r~ wllulrl Ill' transpa rent to the end use r. With socket sUJlJlort forthcoming in
1,1ll' 'I'd ("01"1', t his optionof Ilistrillllt.ing the CUI and thesimulat oreng ine ever SI.!wrnl
lIIi U'l1il ll 's 1I'i11IJ1'foIlU ' rl'lI l i:omhll~ . orCOll ffie. lUI ellic ient distrib ution o f the GUI ami
»lumhnor l'IIJ:i!W uvcr several mllchililos wo uld have 1.0 take into consi derat ion the
p Cl!.l'lIl,ial cnnmunieuon delays inherent wi thin lUI)' network . Similarly, effectively
di st rihll l.iUI; III(' (~i r( : ll i l , represcutut.iou over several machines for sim ulation would
llI'{'lossit.1\ tc lUI illtd lih'l.'lIl,partitioning orthe circuit's subcomponents ill sucha WiI)' so
as IIl ll1in illlizc'ndwnr k "rafflebetween machines.
'iN"h' lIm!.if c!ninl; C'flllt illllm l~ ~imlll;lt ioll nt the tI'mJl;istor 11'\'el, the CUIwill rrqulrc deugcs
Ie>S'l l l l ~lrl till' dmwilll: of I mllsi ~tOf 5)'mho~ 011the lIurkMNl rll lll'a.~ audthe signal !Iispln)' II'OHld
11\\1' til l", ml;' I' I I~ I I U SIlI~JOTt rontinnous wnceforrns.
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5.3 Ove rview of t he Interac t ion P rotocols
The p rotoco l for tlu"ln'\"iolls I'xllIul'h· was \"l' ry t rivial IIII' 'I'd sc'n!'l s\J pplit~ l l W"
integers 10 t.hr pi])('. t ill' CH (lrt"'h'Til1ll Trat l til\' 1\\1' IHllIIl" '", am l n'1un u "C ! 111I'1<111 1
back tothc Td l~tflUl vill lllC" IlilK'. Th iSJ;l't lillll will,·xl,lnin. lu- IIl"n' :;O ' llhisli'"ill e-t1
proto cols rcqu im.1by the' C UI mlll lhc »imnlator l ' llll; i ll l' til interur-t. \1"i lh II I it' all"t l",r.
reg ardteg 1I11: prutocols.
Bec ause Tel cnuno t )' 1'1 hnlll lll' l.iuHry c1l1tn, t.lu-stn-umof inflll'll1llli lll1 lr;l ll .~ r( ' ITI ·11
between the GUI and t l ll~ silllu la lur is p url' :lS C II 1l'xl" T Ill' ilili ll' Ulill illll I ra nsrt'lT,'d
throug h t ill : pip e is lnn ken down luru illd i\'idlla l .~ Itlll:rl.~. T il.' Sl ru l'lur l ' uf !'H d l SI,l lll1.a
isCOIll P OSCl:! of ;. ,1UI I I Z fl III~j tlr:,· und;, Nfl/flt!1bml.'l' TIll' li l,IIl '1; ' IlI'lUl,'r l'llll I .., 1 1~ 'IIA I,1
of lL<; rl'Jlrcscll l.ill~ II s ingle !'Ut.i l)", !iud L llS II I n lllpUIII' /L1. CIt n !iiV;lIlllll llll " ullSi..l... IIr
wh i ,~h serve to 111Inli r)' t ill' rut h )'. SlIrli llurilmh os il...Illllo· II Il' I ~V" ,,1'111" t '''IIII" 'II<' lIl
or t he Iisl.or "a l,K'S lind l.illll~ ror lI.!iil!;llll l. Wit hi ll l"U·!t lilWIII' " s t.1I1l1.a 111 00 1Y.1I ,'t ,I"\I
mus t he "llIcl-'fln ftcr t.hl' at t ri bute, t IL"rehy i'l'I"tnttillj1, it. fW IlI iL'i vnha- mn l '';M"h lilli -
oCtlie S11l1l7.ab ody IIllls t be 11IIeutrd II,Y it tuhdmradl'f SlI I,lmLiLn Ull", , l isli llJ:llis lll ~1
from a sranxa 1IC.111C'tline. own ! urn no f( ostt il't !l lHS 1,la,..'t l u l" m t l ,, ' un ll-r " I'll... lill l'S
ill th e stanza lxxl y, hnt all a1.tr ih lltl'S lll usl lm sJlI ~~ ilir't l. 1\ 11 f'XlLIIl IJII! ..r ti ll' !\'-llf' r il'
forma t of each Sl llllZll is as follows:
}Sl.aJl7fl l lt'a,I,'r
::::::;;;: }.St.nuan BlIrI,Y
futriblltl': ..: I/(!l1lf:_
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This textua l IJwt/)/;ol ferm.u is veryeasy to parse Il~illg Tellind C ++. Th is format
iSlllscl quill: simpleto ex tend .-.. if all nnt.ity requires another attrib u te, the n another
Iilll ' is ximplyaddedto L1IC St.:UWl hod)' and themoduleparsing the stre amis mndfficd
w:mrdi lll\ly lo pam: the nnw utt.rihute line. A textu aldata stream , nsopposed to a
binary »rrenm, llbu aids tremendously in the debugging process.
Till: ill l.l~l'adiulJ between tht: GU! and the simu lator onglne is comprised of two
major ImJtAK7ols; nuun.ly, II t:l} lIq}{}1lI~IIIIH1}IIIClJl which tra nsfers the Iuuetionulunits
Ir om t.hl! GUI t.o thesimulator engine and a flr.tli.~t prolQcolll'hich trnnslera tlmcon-
neetivfty infbrmntion From the G UI t.o the simulator. T he netllat protocol is also
n'SpolIs i1Jle for t.[lI1I~fl:rrillg inpu t, and ou t put signal values hark and forth between
till'GUl 1lI111 simulator engine. TIl(~'iC two protocols form the basis of discussion for
5.3.1 The Comp onent Protocol
TIll!Iif:mh!r of u eompouent stanza eonsts t s ofthe word component . Each component
stllll'l.lt has threeattributes. Tile type nttr-ibutedcte rminest he type o fthccompcnont:
an~'ptl\hh! m\lws lndudenne uf and, nand , or , nor, lor, xnor, buf f er or n ot . The
i d nUr ih lltl: is IlSI'd to distinguish muong several components of the SIlIIUl type. Its
\'111111' is a Sl'ljlll' lll.ial serial nnmbor lIh.'iigne d to the conponcnt hy t he GUI. The port
atlrillllt.(' iSllsecl l,oeXpTt'ss theco nuectivtty ofthe ci rcuit in thecontext of its adjncent
twtlist.s. Thevnlue of this auri bute is a list of integers, each of which rep resents a
ndlist. connected to ench port.of the com ponent. Therefore the nu mber of integers
ill this list will Ill!the same us the number of ports. T he ports of IIcomponent
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are sequent.tully orde red b:-' the GUI. with tlt t' illlllli port s uSlially nlJlnh m ,1 IlI'ftln'
ou t put ports. The p osition orthl' lIe l l is t 111l1llhcflI.lrI Crlu illl'l'l1(1whk'h IItICIt h.' I lI't l illl
is co nnected .
For exa m ple, co uskler t.h(' N:\ND W'U' in Fi~IO' riA. TI,,' tll'tl in p ut IItlct s all'
numbered 1 IIIllI 2 , allli t lw ollllml port L'i TllltulM'n 't l 3. T!li~ n1l11lh " ri lllt i" oIUIII'
lnt c rnelly by the GUI and is usually or nil ("(IIl!n llll ' lI l1' III tl ll' l' uti usct. N t ' ll ist
nu mbe r 32 is connected to p ort I, net.li sl 13 is C11l1111't'!.(,1 to l)(Irt 2 illit l lll'l lisl, ·111 i.~
connected to port 3 . Hlhil! NAND J!;l\tCWllS Il s..; i~III'( 1 t.Ilt' N'ria llllllUhl'I" 7 h,\·II..• ( ;IJI,
the n the s t a nza re present ing this ( :()Ii1 POIU~llt. wnnhl 1lC'liSshowu 11I 'lo\\' LIlI' N.·\NIJ
gate in Fig ure riA.
Figure 5.4: A 2. iullUt NAND Gal(! and it l'! Ctlcn's pulld illJ!; I'n llll(' u l Sllluz a
~2 1 3 i8 . . ./ ,1 2
co mp o n ent :
t ype: n a nd
id : 7
ports: 3 2 13 4 8
5.3.2 The N etlist Protoco l
T h e uculsts compr taing n c i rcuit are re lJr<'liI:llt ed by s l.a m,as wi t h tIll: h c:adl ~n; i n put ,
output 01" int er na l , elLch o r which repres ent II diffc!f(!nl LYJlI! ur IIl'1. l i~ t. All i nput
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IU ~l l i~ t is fldi l~~1 1n I M~ a. Ilf~t ti~l whic h is co nnected ollly to the inpu t ports o r 01)1'
IIr IIJlJ"~ l ~flIlllllll ll"lltS; lUI output nr-tlist is d d irwd to lie ~ lal K'l1cd nrtlL..t which is
':f ' IJ IIl !:u~1 t il tIJl! ( lI ltIJllt IKlrto(Alnm,JlIIII'IJt (nil out pu t nell ist rn:\fl\lso beconuceed
tu IH,r nr w ure in p ut flurL") "~ All i nternal IIJ'L1ist is the liH. IHC I\.~ an output n e thst,
('X C~I,t th a t it h lL'i 11II1 1Wf'1I IRIM'II~1 lIy the user, Netlistli whidi arc n ot ecn noctod
t il 1,111' Ilo r bi fir lUI)' nltll llOlIl'lIt lire! no t trnns miw,;1 by till' protoecl. T he number of
a l.l.rilm!.l!S ('ath 1lf!1,list luL" d ('I" 'lIIls upon t he nelli st t.yl~ lin d which m o dale [oither
ti ll' OUI o r thl!Silllullllur e llgine) is h'1. ~rU'mt i ng the protocol . All threc lIetlist t~·p,':l
ha Vl'all i d aUritl1l t.e whose value is the nnt.Hxt number as assigne dby t.ILI! CUI.
Th(' GU I eau genenuo Sr,1I111.1lS r eprcsenti ng nl! t h ree ne t .lists as part of it s pro-
Lcwul lu t1U' siruu la tur I'ug il w. Dilly the i d auribut.es of tho i nt er n a l and output
IlI'tl i~t s ll Tf' specified, Th e input III!t1ists, howt~\~r , l 'l ll'h co ntaln an nc\ditiotl a l llt·
t r iblltl'n lll e'li fa l ues. TIlt! value o r this at t ri hute consists o r a Tel-lik e li~1 or input
si~lml vlIIIlf':'il\UfI the times tllllt th e signa ls occur red. The ILq ta kes the Io nn or
[ I " fil l {t I vII .• " {t . fl.}, whMl' t represents the time or the signal a n d IIrep resents
il....\'lllll' -- ritlwr 0, l orX. lllortlcr to minimi 1.cthc a lllollllt oCdlltabcin:; transrcrml
t hr(MI~JI t.l1I' IHI)(', onty the c1ulIJg('S in the i n put sign uls arc a ct llAll y t ra nsmit t ed II)'
t h e· CUI t.o Lhc-s iulll lntor r' ngi llf' .
An"r ( ·Il l ~~tnl(~ l.i llll lhc cireuit in t.ernally and init ia lizing the input Ilctli~ L~ a ccord-
ill l!,; to t il l' sl nllZlI." n-rrivNI from t h e GUI, t he simula tor en g ine the n simulates thc
dn:uit, Ulen 'hr prududll~ sif; lllds on the output I\etlists, The output ncrlists ar c then
t,rm'I'fSl'd h y th,' s i lllutnlllr ('Ullin\!. S tall~ns repreeut.ing CIIch output nctlist nn d their
a'nll' in lm ' null Olltput IIrt llSI" arenllalogOl~'1 n.'1 t.he prim ary intmls und prlmary OIlI]>Ilts of the
d n "l1i1.
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corrcspcndmg id{'1lt i ficn; a lltl sip;mlls ''il I Il('S llrrln, nSllli l l('( I I ~11i; It ) Ihl' Gl ;1 a lunr, ll u·
pipe Io r lJl't'Sl:'u l ation. T IM'form al of t he 011111 1l!;l1Izal'i ,," lIlm'loc l I~ Ilu' :i i lll lllnltlr
engine is ident ical 10 lhllt of 1hI' input. sl .1nZiIS p nMhw('t1 1(1' Ihl' Glli . :\ ~a i ll, 11l1l.,·
d iang os in ou t put sign a l \'!IIlII'S all' !1'J.)ot1 I,1 hy ti ll' silll u lnlnr t'lI~ilW Stl liS In lilll i l
the vo l ume of iu fonna t iou f;rt lt ll l(ln~ thl" )Iil lt'.
Examples o r the l\ta ll1.llllro IllJlri~in~ IWlh Iht· ("(lllllKllIt' nl lI11d lll'll ist I lto ' l l ll ,.l~ a to'
presen ted in t he next S('(:lio ll w h id l Il ffi\ 'i dl'Sll\O rt ' itllph' lIl l'lItati u ll lil'\nils 1 · 1~;I Il Ii Il Jl.
the co mumnic ntlo u hc t wer n th e' CUI nnr l thesi lll ullll.nr (· II ~i llt ' .
5.4 Implementation of the System Int e grat ion
Th is s ec tion di scm..'iCl'l t.he dt'ln iis IM'rtllin i ull lu t.lw implt' IIll'1I1l11il ll ltfrUU' ill tl 'rilr l itll l
bet wee n the GU! lIlld t he silllu lnlllr I'llgi llt'. As lil1ll illl,rllthll"(oc i in FiKll n ' rd, Ull'
intera c t ion ta kes ]llltc~c i n fOllr dilfl'l'l'll t lIlc, ll'I; t.IU'!'il' SIA·' ... an ' I lTC'St'nlA, 1 i n ~rt'n h ' l'
context ami in more de tail ill F'i ~ll re 5.5. Th.. C Ullm ncllf'S1\\"(1 Hl' Ih(~ ' I'l l'Il'i 111111
the s in lllill tor e ngine luuulb t llC'nth..r t w n . TIll' sIlIISC'jll l ' lll !I1'{'l il lllS will l1 c'SC'rillt~ I Ill'
lmp lo rnentat irm oflhcsc rlMIf Sl llJ;f'!lin t.Il.C' "MlIA' Xt ur R SIII"i rK' l·xmulfll'.
5.4.1 Ste p 1: GUI Protoco l Transmission
The firs t step involves ti le aU I l rnliSmiu ili1tCO I.l.l !lHllf·1l1. llull IIPl.lblllrtlll WClbtil I. l lf ~
simulator eng tu o. Thes e IIWlll (:ols f!f'l;Cri lw lb(~ st.rurtnre- und rlUiludi\·il.v l,r 1. llI ~ ci r-
cuit to he simulated a n d also pruvid( ~ !.lw siliudal.Clrwill. t.h.~ Input siltlla lH I,lltH ~ rl ·d
into t he circui t during shnnlnt.ion. T ILl! T el Ilro (:(~lhlf(~ n 'sI HlIIsib ll' Inr l ~X l.nu:l , iJlJ\ t.Il l ·
circui t descrip ti on is ca lled s i mul ate w hich rl~s idl'S in tl ll~ lUud u le si mu lat e . t el.
F jgur«fiJi : hucrmodule C ommunica tion Between th e GUI an d Simu lator
l/Sf~" Pmt<;t :s t. 11I~ G U I (Tcl(T k)
Simula te But,!.<J[I (" )
I Parse lind D isplay t h e
Ex t.rnf:t the Circu it Descr -iption Out put r ua l'
All/I hlllll l.lSillla ls
( I ) I (3) I
TransmnDcseipuo u Pipe T r ansmitanrl Signals tU1.11() Ou tputSignals
Si ll lUlllWr E ugino t.otheG U I
I !
(2 ) I I
PHI'S!' C i re lli t Oes lTiptiHIl Slmuute Collect the
undluput Sil:uals und ~ t he Circllit- O utpnt Sjgnuls
B uildu Runumo Component
Simulator (C H)
This p r(Jf(~ l lI r<! unustatca I, bl~ componen t , netlis t and in p ut waveform iufonnation
avuila l) l t, 0 11tim worknrca Cll llVll_<; and sig nal display window of the CUI into t ile COIIl-
punont. ami nellis!, proto cols described earlie r. The stanzas comp r ising th is protoco l
lm~ the n pWisel! t hrough thl' command pi peline OPl'Il00 by the simulate procedu re
IlIIII ! ra m mitted to the simulat or engine.
For example , rousidnr the circuit of Fi g ure 5.6 ami its correspo nding input wave-
formsin Flguro 5. ; , lo t h of which have her'U specified bya n end usor via tho G UI.Note
that.t.!U! itnlk 1l1ll111)(!f'l; in thccircuitd ingr a m repre sent the uculst n umbers t hat hlon -
tif.\'thu Input o u tput a nd inrcr nalucrltsts connected to t he com p onent p o r ts; they
li n' Jlrt's l!n ll~ 1 a N nn aid tc unders tanding the component protocol describ ed below
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and do not appear to th e end \ISl' r (Ill ti ll' GU I.
Figure 5 .0: EXlIlIlpl,' of a C in'ui'
:~
r
c ••---,---------:0.-1-.0
1
f igure 5.7: Exumplo of l upnt Signn l \Vavt'fIIl'l IiS
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The sta nzas rcprescn u ng the ccmponeuts, uml l.I ll~ input, ourpru allfl lnrumul
uctlists arc coa lesc ed into t ile stream of da ta Ilfl:Slm l.l:fl ill FiAlln~ !i.H. Nol,I' t.lJat fllIl.y
th e input ucutsts a ctua lly hllVf: co rrcspou.Hng siglm l vallll's; 1.111' oul.put and internal
nHt l i ~ t s a re represented only hy their n :SI'I:t:I.ivf: idf ·lJI , if i f ~ l"s . TIJI'sf: s ta llzas an : thr-u
tr ansm itted to the simula tor engine thrt:JIlgh 1.111: en nunnml pipfdilll:.
F'igllrl' r, 8: l'rotl ll'ol for t i ll' Cirl:llil llllll l llpULs in Figure 5.0 Ilud Figure 5.7
i nput:
i d: 3
valu es : ( 0 0) {I I} (3 0 ) 14 l} {S OJ {6 01
i np ut:
id: 2
ve Lu es : 10 OJ { 2 1} {3 OJ {4 1) /5 OJ {6 OJ
i np ut:
id : 1
val ue s : {O 01 {2 1 ) / 5 0 ) / 6 0)
ou tpu t:
i d : ~
inter n a l :
i d : 0
compon e n t:
type : nand
i d : 0
po r- t s : 3 2 0
co mpon e nt :
t ype : nand
Id r 1
po r -ts : 0 1 4
end
5.4.2 St ep 2: Simu lator P rotocol Rece pt ion
Dlll'ilig thl' seeond st ep, till' s imulato r engine must parse Lilli Stllll~:L~ it receives Iroin
011' GVI,t'Olls1.nll'1. th oml'rcspolilling drcuit and then simulate it . The twomajorC++
1l11 11hlll"S invulvrtl ill t.hisSI.I'p an: parser .cpp and rtcomp .cpp . The Iomrer moduh-
illll,lplJll'ntsa elm;,, t.hat providessupport for rcnd iug th e sumzas thesimulator engine
rl't1'iwsuud then i d {,lJti ~y i ng the headersand rho attribute/value linesin their bod ies.
This module runkes ill'llI')' II SI' of the second module, rtcomp . cpp. which stands for
1'I11l /i" w n ll/ ll/aWill l.. Th is module Implements a high-level component class which ill
lmilt during ruuthue as Lilt! purser modulo i utl~rpretfl its Input stream.
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From a des ign p eTSpl't'linl. 1\ rnut.ime rompomnt. is II ~'i lld II} I'UllI]Il11 Il'ul , so
wederivethe Runtime.Component class from I-It' Component dnss , I I1l'n 'h~' l'lmhlilll-\
tho Runtime.Component ro lnhorh. nil ti ll' fl'a\.url's uf its hns!' Componcnt da~s . '1'111'
Ren tlme. Ccmpcnent m odule ('XII'lHls l,hl' fUIlt'liol1l\lil,1" of its ha se' l'l1\SS hy prll\'id illJ.\
member fnm:t iolls which l:n'l\l l' t l ll~ SUhl"ll111]1lI111'111,s and lup-h',",'l purls \\,hil·h 1'011\-
prist, t.he circu it to be simulntr-d. In muuy 1'/lSI'S, l1u'SI' 1IlI'IUIH'r 1'1l1wtilll1s Im'simpll'
wrappers arou nd th e po rt and l:I)llIpOIlI'111, (,()l1sl,I"lU'lol"S 1.!tI'lIl,"I'h 'I'S,
C ont inuing our exall1 [lll~ fro m l lll' previous snllSl'd illll. 1.llI' SIH llZilSslruwn ill F i ).!;.
nrc 5.8 <HC rooctved hy t.lmparser oflhl1 simulntn r l'UV;i1lt'. As tho p arS"r Ill'llI'I'S.'it'S om-h
of t he stnmm headers aud their 1·('!'lll'!":I.iW hlJllil's Iudivhluullj', it in\'lIk('S IIll' lI[lpropl'i-
ate met hods of the Runt ime.Com ponent 1,1)ITl'a l l~ 1,111 ' ll PC l's.~ ar,\' ('n l,jt ips of t.lu' l'itTu il..
First , I.lw pr imm y in pu t 11 [1(1 pr imary output Hl'\.lists o f I.lH' d n:lIi l. un- 1·Il IlSI.t' lJd ,I'd
from the input. and o u tput Il.a ll7.IIStra lls lIliu.I'!"1 by IhE'G U[. 1 1l1f'rnall ll'Ui,~ ls un- si ltl-
ilarly cnnstructed, For the input Hl'I.1iSts, the input \'1~:t.1I 1':'; Ilr I , h l ~ i nput :.;1,;111'1.;1 h" d,\'
are also parsed and p la ced ill the i npu t Ill'l.lisl, wire 1Ill'1I1'S. '1'111' 11, as 1.Ill' compone nt
stanzas arc read , t llC', sularuupoueuts (~\)mpt'is; ll)!; \.hl ~ d l'l~ lI il f1 n ~ nt'al.l '.l. Noll' t.hut
l,he ue tlists are t.rnll sferre d t.n 1.I11~ sil lll l la tor l \lI)!;i rw IJI'ron ' I.lil' l'IHIl\ ") IIl'lIl s 1 )1 ~ 'a ll SI ' UII '
constructo rs for components ucoept, as pnrumtuers, tll~t. li sl.~.~ ' I' hl'n 'f'll'f', t lll' lIl'l,lists
must. be const r ucted h efore I,he sllhl:fIIl1pOtllmts I:all 11.\ lUIill..
After cons t ructio n of nil t he IWtliSt.S und s ll brnrn [l() 1l 1~uL<;, tlll ~ 3imulate O tllf'S-
sage is sent to t he run tim e cnnponunt hy t ho main e) I'r0 l!;flull, U Il ' I'l ~ l J,Y silrm)lItiu).!, 1.111'
newly COllstructl~1 rUllti ltmcom pnnunt. All the resnltant nutput s ip;lIals a re l:lJl lf ~dl:,J
4More accurately , the co mpcueut C()I~~trm:l()r~ Il'~~'l't rdl~rc' II""" til Connector "Ilj'~:t.~ ,~~ I'maln'
eters, whidl nrc t hen connected w t ho pflfL<;orr,hf' mUI/>Olwnls.
frum t.1ll! mupnt nrnlistw in ! l[lIeliCS whicharc then transmi t ted by the simulator en-
~i1w to the GUI fur visuul PIl:sr.lltalioll ill the sigllal display window. The mainO
[illidion firtil l: s imulator engluo is [lu!Sl:n l,l:cl ill its entirety in Figure 5.D, T Il(?much-
nnlsm Ly which I h~: o utpll t siglllls are gathered and transmitted back to theGUI
Figlln:5.0; T lw mainO F'lInetioliof the Silllulatlir Module
int main ( )
{
Runt im e _Component component ;
Parser parse;
if tp e rsa.ckt t coepon en t} != OJ
return -1 ;
cOlllPonent. s imulate i ) :
c omponen t. s how_out pu t s ( J ;
return 0;
5.4.3 Step 3: Simulator Prot ocol Transm ission
III order t.o transfer the output signals from the run time co mponent to the GUI, the
simulator module must retrieve all tlmsignal values un each of the output nctlists of
till' rlI nt i l1l! coruprmeut , A~ Sr.CIl from Figure5.9, thls is accomplishedby the tIlCIlI-
1)('1'fuucuon sho w_outputsO, whichRuntime_Com ponent inherits fromits baseclass
Component. This nuunbor function shnply iterates over a ll the output ports of the
runtimeconrponcnt nudsendsead orthe output ports the message show_s i gnals (),
which t,lw.\' mhtu-it frmn the Port bee class.
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As with ti m get_signal () 1ll1l1 send _signal () 1t1l'I1ll11'1' Iuurtiuns ch'sn ilwli ut r-
Her , the sbc v.s rgnaieO 1lH' .:Sll l\l'S t'\'pl\tua lly 1'I';\('hthe output purlS' l"I'SIlC't 'l iw wi res ,
ca using the ehow.a i.gnal s () 1lH'l1lh t'I ' functio n of onrh tl flht ' w il" 'SI tI Ill' i ll \·t.k l ~ 1. T his
Wi re member funct ion is p r(' St'lllt't1 in ri);Il\'t' 5.W. Ttu- Ium-t.ion s;mpl,\' :oil 'nlls, l.. sum-
durd out p ut, the output stallZ ;\ header, du ' id lllll'i b u\C'full O\wd b~' 1111' i<lc'lIl ili,'r "I"
th e notl tst as \\'('11 us the values nt.t.ributu.
Figurt~ 5.10: The s hOlLsignals O ~l t ' llll l('r Flll1l'lillll or I Ill' W ire (' lass
void Wire : : show_s i gnal s ( ) cons t
{
cout -c "ou t pu t : " « endl;
cou t « " ' t i d : " « get_n ame \ ) « endl;
c out « "' t v a l ue s :
display_s i gna ls ! };
cou t « end l;
It then calls t he member [nnct.ioudisp lay_signals O 10 :ll'l.lla ll,1' ll'l ,ri,' \ '" mltl
d isplay the values of the s ignals nnr] tbu rlmes I,hnl. I.lu~,~' cll:t: lJrrt 'll t i llr illj,\ Iht, sunu-
la tic u. This rUll (:tioll is preSl~lLt('{ 1 ill Ftguro 5.11 a m i simply umnuuts \.0 II l ,ravl'I'.~a l
of nil the signals 011 the wire. The output operator, « , lim; IJt~ '1I oVt'rloadl'd hy tlu-
Signal class to output the signul time awl value cuclnsed ill hrHl:I's. Nol,l' LIlli!.tlilly
the changes i ll tllll output sig ll lll.~ a m SPilL I,n J;lallflanl 1l1l1.[1IIf. by tl lis rnt ~l , ho,1.
III the context of our pa rt.iculnr example, b(~:amm tht ~ t:in :u it harlonly HIII' 011 1.1 11 11.
signal, only one outpu t s tn mJI i~ sent to s t undnrd ontput hy lhf~ si lll ullIl.or l:l lj,\illt·.
The stanza representing t h is outpu t waveform is p ff~sfml.t ~J ill Fi/(llfl' f1.l2. Noh' tlml
Fil-\lIH' ri.Ll: TII!~ display_signa lsO i\kJllbl ~r Function of the Wire Cla ss
void wi re: ;d i :.p l ay_sig nals r) co ns t
Li s t _ I tera t or<$ igna 1>
S i gna l
Sig_Va l
int
boo lea n
sigs lsignals ) ;
*sig ;
p:-ev_val '" SIG _X ;
num'" signals .nun'Le lement s () ;
fi rs t'" TRUE;
while (( sig '" s i g s ()) !'" 0 )
,
if (fi rst I I sio- >ge t _v alue() ! = pre v_v a l I I num ='" 0)
,
c out « *sig;
prev_val '" sig- >get_value () ;
I
first = FALSE ;
t,lll' tluto and value nf tl H~ first signal is {, X}. T his represents t he initia l t ime and
inirinl \'<11111' oft.\ll' output slgnul, Because of the command pipeline established by the
Olll, a ll 1.lll~ output sigllals t hat the simula tor engine generates on stan dard output
will Ill! pil'kl'flu ll h,r the CUI , parsed and then displayed graphically This final step
Figure 5.12: Sample Protoco l for au Output Sigunl Wa\'cform
ou t pu t:
id : 4
va lues : L x) {l I J {3 OJ {4 I I IS OJ {6 IJ (7 1 )
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5.4.4 Step 4: GUI P rotocol Reception
Once the simulator cugino has finished l'x"fl1Ling nnd has1f;lllslJl i ltt~ 1 Ilu' I)Ullllll
signals back to the GUI, tbc si mulat\l. tc:l 11lmlll!t· of th,' Gl ' l l:,k,'s nllllw l a~aill,
The s i m_proc:ess_output s procedure of this lIInc1 1111' is i11\'Ok,...l lo parS!'1l111h,' si!-\-
nal timos and values it rcecivod from thcsimulntor engiuo. F'tlr l'adl IJllll'lll, rn-Llist,
ere.preceee.euepuee calls the sig_drall_signal jlml'el!nw or ti ll' sfg drap .eet mod-
nlc to displaythe correspondingoutput \\'1I\'efo1'1II ill the signal diHplay Willll l\\', 1' pUIl
completion, the file identi fier for I.lll ~ eummaud pipl'1int' is d usl'l! nud 1111' (l UI will
OllCC again respon d to input from the enduser .
In the example from tho previous Sl'\ :t.illll , t.l ll ~ wfl\"l'form nJrn-:;pnntlinj!; 1.11 tIll'
protocol ill Figure 5.12 is shown in Figure 5.13, M IN I'Xlllllilling t.hr- \\'nI~, r.lrlll . thl'
user may chnngc tile input, signals or t1w circuit itsd f a1l11 1.111'11 l'l' ·,,,ifull ln l.l' lb' d n 'ui l
unt il lite desired output. wavelorm is IIl'hil'VNI,
Figure 5.13: Outjlut Sigual \VlIv(\fnrm DisplllYi'dGm phil'a\ly
1 2 3 4 5 6 7
, , , , , . ,
--fT1Slr' : ' , , , :, ,o , : :, , ,, , ,
, , , , , . ,
, , , , , , ,
, , , . , , ,
Insummary, theGUI may he thoughl,of us Lht\structnrnlSllhsYSWIllnf llw (·ill.in:
architecture, in that it provides tho means hy which t:OlrIIHIUI:llts art: ill l ,':lmfll lldl~ 1
and structurally defined by t il l' user. TIll!shnuuuor engine il.sl'lf may Iw I.IUl1ll\hl. f i r
as the Iunctlonal or behavioural subsystem, SiIlCI\ il is n :spollsihl(~ [nr rnirmrilll'.l lll'
circuit description provided hy the !l~(~ r nud illj(~ :1.illJ.\ l~/ld l of 1, I Ll~ I:lImplJlIl~nls whh
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Chapter 6
Conclusions
This report lias Il i:-;C I1~SI~d tILl' ,11'SiV;1I awl unplomentutbm Clf 1I 1 ~ 1l1l 1 111' 1( ' euvinmmeut
for desigulng ami simulntiuJ;si ru pli~ 11j~i l n l r-ireuitx HI tl1l'lo~i<- In·(·I. 11,\' iIl 1 11p l i ll~
sound dcsigu principles and by 1'l lL pIClyi n~ a I l i~h-l l'\l'l Uo;t'r iuh·rfllt't· lIM ,lkil. all ill-
t ult ive front -end GUI wa., illl llll'IllI'IlII'l'1fur thl' la~, ml '111ll1'UUI'U L..r til,· al' l' lkl\ l iolfl.
Till' crcarion of the GUllu\." dnmmtirnl1y iUl'rra-l,l tl,..n"':l '!'\.'iihilil.V I,f UI' ln ll h'rlyiu~
sim llia lor engi ne II)'('uaMing t i ll' lL"l.'f to iullT.\rl wil ll lllf'!'in 'lIit J;TiII ,lli" llIy ills lloa,1
of textually. TheGUI a\o;o 1'1IalJl,'5 fl'bl.li\"l'1)· " lllll' liral" I "in 'lIiIS til I...• ("mlu, 1mill
simulated. therd !)' providint: II IIIl1n' d lid ,'nL 1I 1l~IIL" fur Vl'riryi ll~ lin: m Tll d w '!'I."i ul'
new simulator engines,
T 1Jc simulator r l1gilll~ dt."'iC ri l}(~1 in this r eport mUIlI,,)'s I l islril lllt l ~1 I'Vi'lil (1 11( '1ll ~
for lim purposes of event lIotifi(~ lt i(Jn ami sigmLl pmlmgatilll1 in~t. l 'ad IIf tln: unm:
conveutionulsingle glolJllInveut queue. 13y IJsilll{distribnto l IIIH!Ul';, lhl' eirruit. 1lI111 !1,[
more accurately reprrseuts its (:o l lllt(~r pJlrt ill uro rl'al wllrlll, Theitllpll'IlII'UUI1. iulI' ,r
the llilll1llltor strn u'gy was facililal l'lllJy llw nhjc~~t -llri" lIl.1'll lmnulill,lll. 'I'll" slll'plJrl
f..r " Il '~~pslll"tifl ll , iillll~rilmll:l' allli p" lymorl'h islIl prrwided hy this p aradigm made
t ill' impll' /lWllllltiull Illlin~ munral andnmrn resillem to cllltl l~r!. TI le eompenent class
hhrnry W;l.'; , 1,!Si~llI 'l'l to 11<1' "xt f·lIsihlr.; 1~11ls('l'11 Wl ltly. a viable foundation ha... 1)('('11
I'Stllb li~lu:d 111'011 whidl Itrlc1iliOlIIII r-irrmit.dr!lIIr.nb r.IUIhe dcri\ul and Incorpora ted
intu thl! silllllilitur " ll ~i lll', rf'Sulliul!;ill II more comprohcnslve ounponcnt class library,
By dl ';llll.vS('lllmtlill/o: tl1I'G UI fmm l hr!sinmlntor engine and having them cnm-
lI111 /lic.a h· viii a l , i d i"~ : li lllm l pip..•• flltn,, : 1~ II'nsibil itJ 1I1ll1 fl:USl'uf the two software
IIIm l nl '~ is fI'a liza bl,:. III uehlitiuu, It III ' W CU I or III ' \\' , I i ~il nl simula to r l'11 ~illl 'N ('I1Il
hI: HlII II'r! wlal.i\'('l.y S!'lIm!l'S...ly 1,0 tho envlronment , provkhd they ea!:h conform to a
!11 1l1,ual prnw rul fur I,hl! pu rpOSI ~ of lnfurnuulon sharing. The clear distlm-t ton h!'tWI'I'1l
tln- Glli a ll,1 thl ' liilllula lnr 1I1S!l l1mkl'S it caster to modify t Ill: ill1pk'n1ellta l,ioll of one
uf till' moduli" withflut arl\"l'J"Sf' ly afft'Ct inp; the other. The parti tiolling of the two
llIllllull" llIay alS!, S!'n'l : t il hd " dis t ribute t he exccuuon of the software O\1'~ r several
mad linl'S-
6.1 Applications and Future Work
Wi l h n~JlI '('l 10 IJlIlc' lJtinlllst.,. of the soft ware , till' CIIlTt'lIt Imp lementat ion has aea-
Ill'm it· Ilwrit nml l1Iay 1M' lllil'flli ill nu in t rod ucto ry com'S!' 011 digita l logic. From a
n'SC'an 'h JlI'rsIMd i\'e, 1,lw C UI COlli hI' us ed to give II. common interface for other sim-
IIlal.or l'l1p;illl'S, llll 'why Ilw\'iding a uuiform environme nt in which thc performance
of sC'\1'ra l dil rl'n 'llt d ig il,nl slmulutcr cllgines may he cumpnrnd. However, desp ite the
]lntl'utial heud ifs nnd npl'lit"ntiolls of the CU I IIIlII simulator, there a rc s t ill several
iml' fC1\·I'IllI'Ilt...whit'll ('JIn he nnulcto enhance t IL£' fuuc tkmulit y and pra ct icali ty of
1<1
both modules. Some of t,!ll"S(' l'nh;utr!'llll'1l!S rlluM ~"ill ll\l imlu.>;l rial a ltJl l il';\li"I~>; ....
thcsof! 1I1lrt'.
In the context of the CUI. 1"II'thallS 1111' hil:J.,'I'St Ilrllwhad.: is Ihi' l;ilI·k IIfhit'nlll'hil'lIl
support ill tlL(' circuit luyout.,~ Ii ' ur, " 'h ill' till' silllulnlnr l'n,::iul' ilSl,lr ,111t 'li IiIlJlIMlrt
arbit rary nest ing lIrt'O lIl\>OIl(' Il IS, t.ht,GU1,IInrnrtnlllI11'1.1", slill furt't'SIhl' llSl'r tu Il<lopl
a fiat. viewof tile cirruit hcinp;<!I'slp;lll'tl. Ol\l:c'hil'tatl'hklll s\lllllt1tl isil1lplt'llwuIl'tl Inr
IheGUI, t!ll' existinll:pOItom ll ll'h\'t'('ll tlll'G l.:lauclt.lll' sillllllalllt wuul,1haw l" I",
enhanced 10 slIllllOrl llle nmtu-lewlnatun- u( Ihe rirr uit , Il",i~" , AlIllllwt lillliLa lillll
is the tad: of tOlnponl'lIl m nligtltnhilil)' from til,' GUI. Fill" '':tamp'''' IllI' (:l1l,1,"'li
ool)"ct hll\'t! t he 1'lhilil)' 10 let 11K' IlSt'r spre ify Ihl' llllllllll'r llrill lllll'ifnr a II.,.;il",::;'Il'.
For the most pnrt" the IL'll'r i.~ tn'ilrklnl In IIsin,; I"~ I illPll1 ~tlt'S. AI:;.. , II.., l·lItl
user Shllllid ho eble to sl'l'Ci(vtill' rompenem. <Ida )' usi ll ~ till' ( a l] . 0111' linalmi llur
separa te modal dinlugbox. Currently , llI ost ,liaj.\lI l1sl il:1lure ~1'1 1 1 III stHlllnrd lI lIl,t.u l ,
which is llsually hidden I ~· tllf~ circuit (!t!it.orwlndow. Uy I ln'Sl'llti ll~ lh,' , l iaAHt~1.ic's
in IIsepara te window, or mayhe e\'('11 ill aSllhfnu llI'lIf IIIl' llIain wi,uln\I', Ih" ""ru il1j.\
and error llIl'!Nlge; generated by II,,, GUI .".i11111'01I111' IlIft'" IIlt\'iIlIL~ til till' tL'iI'r.
Th ere all' s t ill some internal i."'-;\Ii'>'i Il'ft In m;o-Ilvc with f1'l'!II,.-I I', 11"' I·xisl iuJ:(:111
code base. For example, as tl ll~ illl llll'lIIl'lllnt inllll"lJ.(n~ ,I , till' Ilrt'filing (, IU\l 'lllilJII
for procedure 111111 v-driahlc l1am.,;IJl~:l\lIw tmm ' dillir ull to umiullliu. I\lso, 1.1t" 1"1 '-
qulrcd prolifcrutiou of global varinlll,~; Hud arrays ill tl ll~ Slllln'l ~ mdl' I'III11Plll lt l iSl, I 1,111 '
IcVC'] of oncapsuhuinn hdwl!(!1I 'I'd !Il0d ll ll :S, I II I,hl! rll l uW, 11 pl ~"'i i ll ll' rewriu- uf lIlI '
Clil IIsing 1111 Tcl/Tk r:xtl'I L~irlll lllngllll~r' wnh leuer ItllrrH'!IIIlU:I~ IlIIll-tIIl 11 11,1 mon-
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I ~X t' ~ IIS ioll I'Hc: kIlW ~S is I.lHlt Lhuy umy li nt. Illwnys keep pace or bl~ l:fllllpnt ihic with t ill!
lnu-st rdl:aSl:of till : Td/T k f~tlre from Sun Mieros ,rsl,ems.
Wit ll npeolJlinp; W!"IlSI'S of r,lll: Tel cor e supporti ng tlonblm:king li D. it ruuy be
p"ssilJI'l to muk« IIII' simulutinn iutnract.ive. T his wou ld permit I,lie user to paus e a nd
may h,: C!V,' 11 rI:v,'n;(! the slmulatlon while it is ill progress, for exam ple, It muv also
Ill' lJ(Jssihll! to nnhuute till! ximulutiou il,sd f, t her eby demonstrating 10 the usur th e
PrlJpfl1-\ll1.hmof sip;lIl1lsalong- Iwl,lists , hem:" lJIakin):;: t hf' circui t behaviour more lucid .
Wil,1I l.llt' Tisf' ill thn popu larit.y of the Inl,I:l'lIcl, and thn World Wide Weh, one
fUI,n rl! "roj, ~ : t IJllp;iJ1. IIf: to rewrite t1w ximulatn r engino using t i ll! .luvaprogr ununiug
hlllg WW ' alill to then int egrat.f! it with rho Tcl /Tk C UI. Th is would enable anyone
wlth 11 .luvn r Olllpliant, W" " browser t.hllt. has t he appropriat e Td/ Tk bindings to
rlowulonrl lind I'Xf'eu1.l! 1.111' C UI an d sim ula tor direc tly over t he Intern et. How t his
\\'ould uctually hf! uceemplishcd de pe nds larg ely upon how the two hmg uages call he
illl.q .!; ml.('t! with nnnnnnther.
Frmn t.lll' p oint of view o r ti ll' simulator engine . there arc man y enlm ncomout s
whb-h would incrensr- t.l l (' potcntlnl usefulness of the engine . For example, zero delay
(·OIl1 ]Jf) IIC 'lIt.~ nre not ,\',!t. fell.~ i hl e with the current state of the imp lementa t ion, III
l.hem y, 11001'('\'I' r, it. dol'S SI'C1ll possible to imp leme nt zero delay clements in It dis-
tr ibuted (lll1'll(' shuulntnr. If II romponom send s It sigun l to ono of its output wires
t haI. m n llif'ls wit h IlII l'x isl-illg signa l 011the wire at t.he same ti me, the compoucnt
would lIu t, upduto its lorn l t ime. If the output slgna l docs 1I0t s tabilize, then lifter
a p;iw ll number flf oscilla tiolls, the simulation will be terminated with II diug uoat.ie,
indk llt.iug II pos..~iblc fluw ill t il(!clrcnlt des ign,
Like 1.l1I'GUI , t.he clrcuit reprcS(!lll.at.ifln emp loyed by the simulator eng ine rest ricts
the number of inputs or tho lJlIsk IUll;it· j.!;a tl's 111 two, A 1I1t1ft' ~1' IH'r;I' uuvhnutsm
for specifying the muuber of inputs III 1I1l'S!' gail's wouldc'llilt rihnlt ' sij.\lLi licautl,\· III
the cxlcnsihilil,r nfl ,1 I'cnghu-, T his r-an Ill' n1"hh'\1't11>.\·slll'l' l,\'iuj.!; thl' "Pl ll~'l' f iil ll '
ccmpoucut cons rmet ors with nuun'ay llrClllllU't'llir l"\,rl'I'l'lU1'S i tl Sl l'lIll 11fl ~ lssi llj.\ 11\1'
eouneuor rdc rrllcI'S;ndh'idllnll,r,TIll' addition "r n !,Im'k da~s ,,"nlil" nIsI' ill1l'[I'\'" tin'
Sillllllill(lf l'llgiuc.sillt:\·i1.Wlllldfllei li1.al' I!II' l'rI'lll ;llllll fJoi)'lll'hrnlll\l1s rirt·\l;lJoi. \\'I II'n
queried by a component which has II rltH:k illlllll , t ill' l'hll'k llhjl't'I, wunldn-uun IIIl'
signal valuetha t. would occurnrthc lillw rl'Clllt'Stt'lI h.\'lll1' l'OlIl'lllll'IlI. ;llll(",·unlillH'I'
with t.he Ircquency ofthe dock.
viability or t.his software pm:kaV;I' uudmnvt'\1'H st' IT !' ns till ' ~ '\ItItI;l1itlll UPOII whirh
ilion! gcuer i« queuing siml1lators tnuy I lt~ bused.
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Appendix A
Installation Guide
T his appendix provides iufonuution n-lntcd In t. 1 1l ~ Inst.atlntlon mill 11;;(' o f 1111'r-iu-uit
edit or aU f (hrr('art(~ r referr ed to ns DigiTd) uud 1.IU' simula tor '~ll l{i lL l\ 'I S , h'sl"l' i l l1 ~ 1 ill
thi s report . T hese inst ructions nrc valid at t he Limeof Wl"itillg, hilt ma,\' nut. Ill' valid
for subsequent releases of the sof tware. At the umo of wril.illj.\, 1.111' ('111"1"1 '111, \'f'l"sioliur
DigiTcI is 0.1.0 and sho uld he t:OlIsiderl'd a twin I'l ~b~';f~ .
T hese inst allat ion instructions miSIIlIW t hat t.Iwt ar gl 't mnrhiru-is r1ll1 t1ill l!. a n~ 'I'lI l
release of t.huX Wi nd ow Syste m {Vorslou 11), IlII a UNIX -l ikl' IJIll' nll,i ll J,\sys l,('Ill.
Tel 7.4 and Tk 4.0 [prufernbly patch level 3) must also hnve hl'(' 11 hlst,all,..1011 1.1 11'
target machine before DigiTcI ca ll hl~ used.' A C~ + (~ mll l'il (!r is a lso rl'flu in' d I'll
that the si mulator engi ne cnn he entupihxl . Vm'Siotl 1.2A or tlw GNU gzip rrun-
pression llt,ili ty mus t a lso be avnilnble 011 t hl! mnehlne so t hat llll' lll'!:hivl. fih! r-an 1)('
d eco mp resse d before Iwing cxtrnctcd. T im stlllillar d 1:llIlllllt'llll'll l. I,r f INIS l itil i l.it ,.~
will also be required . Th e Imc:ka~l! may III! ins talled a nti 1J sf~ 1 without root pri vi ll · l.\I "~'
lAllhongh hnnr versions or Td /T k hll\'f! hem 111!r1.1'fl lu "Ih'~r IUJIl·IINIX ol",ml,i ll~ SySI.l'tllS,
DigiTcl hlls llot ycthccut<'SL('f! lIua ny uf lhmu.
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A.I Extract ing th e Arc hive File
TIll' dis1.rilJIIl ilJJllnelndex It sillgll' (:(IlIlpn'sSl~ 1 nrchive fill' calleddigitcl-Ol0 .tar .gz
$ gaip -dc dig i tcl-OlO.tar.gz I tar xvf -
'l'hiswill !·m L 1.(~ II,!im:lors rn[b l digitcl-OlO a nd allt he relevant fib ; will he placed
ill that. fli rl'l:IAlly The«: lib and sllh( lir('dori('~ ur« rlrscr lhed ill Table A.l.
Tilblr A. I: ?ill'S lndudcd ill til(' DigiTd D isrrihuricu
~ Description
REA DME .'\ ll'XI fi l ~ with lusmn-rlons 011 how to inst llil lind use DigiTd.
digitcl 'I'll" Td /Tk l;('r ip l.for t he DigiTcJC UI ctreuit editor.
bitmaps/* Bi tmaps undmousecurs ors requi red 11)' t he DigiTcl .
cktsirn/* TIIf~ C++ smm:c and Makable for building thlJsimulator (,1l~illC.
A.2 Compiling the Sim ulator Engine
lnorrk-r 1.01 sinurlate circuits,1.11(' siumlatorengine mustbe compiled. The GNUC++
t" lIlp ilt' r. version 2.i .2. should he nblc to successfully compile the engine. Unfortn-
1Ii111·1~·. then-nn- knowntemplate lustant iation problemsassociated with version 2.6.3
uf llll's<l ml'{"olllpilt'r.
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To com pile th e simula tor t'lIjl;im' . s impl,\' dmll~l' to tlu- ck ts im llin' I'l o rr lIud t,l'pt'
make . If t hen' were 110 errors tlu riu/l; Iht, 1'00u p i1i1ljl;und Hnklug. il digisim I'XI'l'Utllh h·
should he created i ll the dlrectorv. This biuarv will lu- t'Xt'l'u lt ,cl as 11subpnll'I";s hy
DigiTcJ- the re is 110 IIf't'd t tl run tln- t'XI'I'ul a hl,' t1i1"l,(·tl~'.
A .3 E nv ironment Va r iables
Before Djgj'fr/ l:(\l1 lw IISt'd , t.he ap propriat e slwlll'aria b lt'S 1U1ISl. ln- :0;1 '1 nml t ' X l ltfr ll ~ 1
to tim environment, Some of theso onvirunmem \'llr iah h'x mnv Ill' n 'q llin 'd 1,,\' 1111 '
underlying graphles toolkit, Td /Tk (S('l~ Ta bh ' .\, :2), whik- Ot.ltt'I'S 111"0' n'l(llir,,1 1t.1'
DigiTc1,it self (sec Table A.3), The st nndard PATH envlronmout \';tl"inblt' lun.\' n btlll1'
modified Ior user convcnlcnce.
Envlronmont
Varia b le
Tel..LI BRARY Se t. to the loentlon of rho Tel lihrary Iih-s. It, is li CIt 1I1 '('I'ssa r,l' t.o Sl'!
t his en viro ruuunt vanablo if tclsh wa s wlll ]l i l ' ~1 wit.!. 1,11l' library
]lltt.h pru-couflgurcd ill ib; hiua ry.
TK_LIBRARY Set to the location of tIlt, Tk lihrury rill'S. Ag ai n , lr.is flOI. 1l(~ 'l 'sS1Jr'y
to s et this cnvir oumem var iable if wi s h was t:o nlpi Jl·d wit,I! till'
librar y pat h jJl't~(:fJlll ig ll n'( l ill its bilia ry.
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Tah Ir!1\.3: Euvimnmeut Vari ahl(',~ Used by DigiTcI
Envi nunnent Description
Va rial, lr'
DI GISIM Sd lo t,1l!~ location o f I. IH~ xlmulator eng ine compiled earlier. All
1l 1 )~ollltt, ]lHt.l1l111l111!should he used.
DIGILIB Sf'!. I,() iJH' locati on o f a uxilia ry hil.mll)l a nd cursor fill'~ required by
I.lwc:in:lIit ('d itor, Ap;aiu, all absolute pathnurue should bo used.
DI GIUSER Sf'1 to tlu' t')('llli oll of tho 1I'0rkillgdif<~rtor)' to be llSL'{1 by digit el.
Wln-n IlJildiul; o r savillg drcuits, t he contents of the directory in-
d iratell ll)' t.hisenvironment. variab le will he presented in thefile
sl~ ll'l: l. iuli l lialrJg box.
PArH T his standa rd environment variable should include the location of
the wi sh biuury, It may also contain t he loca tio n of t he dig i tcl
sn ip!..
A.4 Running th e Digi'Tcl Circuit Edi tor
Olin' I.hl' s irnulal.nr engfuc has been compiled and the envlronnrent var iables have
!J('(111 sf'l., t Ill' DigiTd «in-nit cdhor muy he st artCiI by typ ing digitcl wh ile in the
dig H el-Oi D, ti\"('f:lo r)'. For eonvenience, the full pa th of the di gi t cl-Oi Odirectory
mny hI' atld l'd tu thl' PATHeuvlroumeut.variable, thereby lcuing the user exec ute t he
S1'fipl. whill' ill lUI)' dircetory,
If tho lm-ntjnu of the wi sh ('Xl'('ut illJ\r \\'IlSnot. include d ill the user's PATH or if
the instnlh-dwish hillllQ' is not IIt'Llially named wi sh, then the circuit, editor must he
Hi3
luvokod by ,~pt'ci fy i lL~ t he full pnth of tlu- wish hill<ll'y and I' rtJ\'itl i ll ~ 111<' pathnnnu-
of the di gi tcl S('ripl ll~ 111 urgunu-nt., For I' Xlllll p!l' :
$ / usr/local/b in/wish4 ,0 ~ /d igitcl -Ol0/digitc1
If the DIGIUSER nnvimnnn-nt nll'iablp was nnt ~..f • 111l'U IIII' l"lIl1ll'lIls of tlu- din'l ··
tory that was current when digi te l was i1J\'llkl'(l willho p n'Sl 'lll l'l! ill 1111 ' [ill' 1'1'11'1'1lou
dialog box . The file sclccuou d ia ln!!;IlOX b (l isllla,\'I'~ 1 W1Wl1l'I"I' r t ln- USPI' ill'l i\'at l's 1111'
Open.... Save... or Save As... np t.iolls of tl ll~ File pull-dow n 11I ('1111.
Unfor tuna tely, a Makefile that inst ullx the disl rilun.kmlilt's ill sla l111ill' d di rl'r lll -
ries doe, lint ye t exis t.. Any dlallW'S III t.he IncurjlUlS of 111l ' li lc'S willhave II' Ill' mmh-
il' uccnrdancc with tho iuatnllntion informal,joll p ro\' idl'll a IHl\'~' , 111 part.ir-ulnr , tlu-
environment vartablos haco to he llLot!ifil'd appmpri<ltl'ly \\'ILI'II lIIo\,illg till ' IlIc'al,ioli
of the Dip,iTd script, till! simulator l'uJ.\illl' l'xI'I:u l,a lJh' o r 1.I1l ' a llxili a l',\' fil l 's l'I'cluil'l'd
b,Y Digi Td.
\Ij<\
Appendix B
Circuit File Format
'l'his llPlwndix (I!'s<:rilws thl ' IiIf' fonnut usedto s tom circuits n('H I.f~ [ h,l ' t ill! circuit
I ~ li lor Gt;l. t1w rI'lJ.\' ad lil'I'iug 1' ( 'I 1'i is lc~IW(, Il 'ros....several cdltlng SI·SSillllS. \ \' l ll'll the
IL<;I'I' sawli a (·in :lIit. to 11lil!' lIsiuf.,!; t.11I'Save... 01'Save As." cpuous of I heFile pull-down
nn-nu. a ll l,hl' l Id nils n-luttng In till' lor-atlon of thl' wire pnints nndthe p lael'llIl'Ul.
lind ori l' utll ti o ll of thl' ('OI II I IUlI l' III. S an' s t.ofl'l in thl' file. The net.list lnhols liS wI,1I
liS th l' sigllnls " 11 1 1l (~ 011('lu'h of l,lir lnbnlled not.lists nrc llisoSIlI'('(1 ill the file. After
Open... optluu .
III nrder 10 saw' ein :llils to 11 file,a ei reuhdescdpuon language which a ct:llmtdy
rd h'l"!'s theIh'l ai!I'(] structure of il ll: rircni t \\'11<; devlsr' d. Th is dcscrtptlon lnngnnge is
simllur ill ~lylp In lin' 1'(lIJlIIl)II('III. fU1l1not list pro tocolsde~l:ri1 )(~d i ll Clmptur a, since
UlI'Y lnu h ado pt a Slall;(Hfonnu t fur the circuit description. Unlike the co mpnnent
and nvt.lis t pmturnls. !I0Wl'I"I'r, ti ll' drc ult fill' format is much lower level and contains
lk tai!, 'd suuct.ural infor nuuiou rd lltillg 10 the placemellt (If components and wlro
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p oints,
t h ree l~'pcl' of stu n ...'l'i; mu uely component . po int nnd labe l !il~rmls . E.at1Luf lIM'!'I'
H .l T he co mpon ent S t anza
T he re is 0111' component 1'1.111lll i fur eru'h C1Illll'tlll t'nl ill ll l'i l't'li i t. Sla U<': ;js n'p n O:-;t ' ul irrv,
compononts IllL\'C four Illl.ri h uit's; 1l;\ll u'I,I\ type, coor ds, orient arrd por t s.
TI Il ~ type nH r i h llt,I', Ill' i ll till' l"OIllI'OIWll t. Ilmh l ( ' tl l lta llS ll li l ll~ 1 I tl t h.' si lll ular ur
ungine, n~lln'St'llts tIll ' tYlw uf t lu- ('urnpOl\t'II t. C lInr 'nl at"'t'll lllb l, ' \'l dll1'S [u r lhis
at.t. rihutr. in rlmle and , nand, or,nor, xcr, x nor, buf fer urnot , '1'1.., coo rds lll.l ti l lUh '
sh,rrs t he cotJrdillill l~uf llU' l,'u ll'r el f 1llI'l"IlIl llllMH'lll l >lllh,' C 'l I U I;~~ as ; 1 1 ~li rl lf ill " '; I'r
coon lina l l's. ThCS4' Mllln lill illl's 11 ft' olll.ailll'( l fnllll 1111' eep.eeerd ~In i oa i llm t,\' ill lilt,
C UI illLl)!m lll' lll a t io ll , TIll' orient ! m r.IlrH'h'r stnn':l the lIri, 'n l al il1l11' ( IllI' nIlII IIlM" ' 11
a m i llIa~' h l' sl't to ollr u f 0 , 90, 180 , lIr 270, C';,,'h u f II'hic' h fl 'lfl'S( ' II Lo; IIU' II lulIl. 'r
o f d r.gn'( o:-; u f rutHt ioll , Finally, till' p or ta al l.ril. ult ' s llI 'r itil'S In \I'bid , win- IM,i ll1:< IIIC'
p orts nf t i n ' (1)IIII)Ollt'lll. are c'III11('( ' lc'l!. Till' \; 111..' o f lilis ut.t.ri bntn is il Td-likl'li~l
\\ ' hic h ro n s lsts o f )mi rs uf (' It'l lll 'utS, "1l1I! Iirst ('!I'IIIt ' I I l. i.~ It 1'llllt '/Ll t 'lI <tt itlU nf 1.111' IH,rl.
type, 11t lw r iU]llL t (i ) nr Olll.p ut (0) . ;l nc I I.l Ll ~ N'I1Lll'lll·( ~ lrul lI!>I' '- clftbl' 1" ''-1. 'Flu- St ~~JI1C 1
dCI\LPIIL o f ('adr Imi r i ~ till! il1r'Uti£il'l' llfll u~ w in ! Ill ,i l l l, III whk-h till' 11"1'1, is a l. l.; u 'I" .I .
Aut-xnmp le ora co mponent slnrt:ML is ptlosPII\.l'(1ill Fi gutl·I I. I ,
l::iG
Fi~ l l n~ [Ll: Example o f a compo nent Stuuzn
c omponent:
t yp e : nor
coor d s: 320 190
orie n t: 0
por t s : (i OOO 2U J {i001 213 } 10000 20 5j
B.2 The point Sta nza
As with till' component stunaax, t.hl'l1!is exuetlj OI W poi nt stallza for I'arh wire point
UII I.hl~ w orkl lf! '1l ('IIlI I'IlS. Endl point ~Inmm has four ntt.ribnt( 'Sj nanmlv, i d , coords ,
a djc nt nnrlne u.
'l'hr- i d llll,ri!Jutr rppn'Selits th l! unique nume ric hlunt lfier uf the point. Oil tln-
wurluln'a ennvns, II SPl'\' ('S asn menus by whicht he ]loiut can 1)(' rcfcn-nc«l h y Ilt,her
~ t,iIlIWS i ll till'l'i n'uit Ill'snij,tiull. Tlll' co o r ds at.t r jhnte, like tlll\ eo ords at ' ril Jllf l~ o f
1111' comp onent ~l.n1mL, sf o n'S the coordlnutos of th e win' p oi nt rill ti ll' (,111l\'!l~ . Thl'SC'
COOl'llillHtI 's ate o htailwd Fmmthe p nt .coord glnbaJ a rray uf thl· G C I implemcnuuluu.
The adj co t llt.l ri hllll' et cr os till' id (·llt.iliers of all t.hepoint s t.hal lire IIdjn!:PlIt to the
point. '1'111'linnl llt.l.tiIJllt.f', net , s torr'S the i fJl'uti fi er ofthe Iwtlist. to which t he poin t
1 1l'11l1l~('d 11'111'11 the rln-uit wns S1l\Hl. Thfs value is stored iurhc circuit file SIlthat
Iwllist oxtmrtiou dill'S1101.ltnl~~ to l.llkl· pl a ce when the eircult is restored by the IISI'f.
Null' Ihnt 1111'1'('is 1I1l1l1'f'11 tu~\.()I't· theidcntlflarsof wiresin the cir c u it, file since cadI
of Ihl' win 'Srnu Ill' n~:uns t. rudl 'c1 from the udjaceney lists of f ~ i1eh point, All exalllple
or 11 poi nt SlllHZlI is pr esented ill Figure B .2,
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FigHT!'0.2; EXlIlil p l!' (If n poi nt S tnuxn
point,
id: 205
coords : 360 1 9 0
ad jcnt: 222 254 201
net: 5
B.3 The label Stanza
Each l abel s tuuzn fl ' !>fl'ii('lIls 11 1U:1,l ist, rhnt ha s bl ~'ll l alu-llol 11,\" tlu- liS.,r. ,\p;a ilL,
the re are fonr aurlbutes nssOl : il\1.I~1 wli.h I'ilrh l ab el st.n ll~a , T llt',\' un- name, poi n t,
anchor lind values, Each of tlle'sn ntl.rih ull'S uro lIiSt"uss('tllll'lo\\',
Tile name ar.trilmte simply s])('df i('S t il(' mUll( ' Ihal tl lf' IISt'raSSif!,lll~1 t u 1.Iw Iwllis1
i ll the Netlist l abel D inlcg hox. It, is cumpus cd ( If a sl,l"illj!;uf "h m nl'll'rs . T h(' point
nttrihuw iudicatcs to which poillt, Il l!' la bd is aI 1 a(:]; ( ~ 1. Ht'lIll'I IlIlt'1'that In lalu- l a
netlist, rho use-r must lalml exaclly nne wire plli llt. lha l. is unu-ruber of t.hnt Ill'l.list ;
the point nttribuu- stores tlw hlontlfier of tlu- pninl. th a t was st'h1"lt'd liy 1.hl' ll.<;('r
to lub ol tll(~ ll(~ t.l i.~ 1.. T IIl~ lIlld llll' nu.rthuu-sp" d li('S till' ku-nthm uf l.ln- la lll'lliaull'
relative 1,0 t,h" point.. It nmy IJf' sd to OIW nf n , ne , e, ae, e. S W, \I , nw0 1" c; wlu-rr- n
is north , s is south, w is west, e is ('ast. unrl c iH cenu-r. Ti ll' val ues HUril' lI1.1'ston's
tho li st IJrsign a ls that. wen' as.<;()(:ia l.l~d with 1.1 1I ~ ru-tlist.. NoIJ' lImt if t.llt' !lc·t,list iH all
input Iwl1is t. t henthis lisl nf sig ullls wa s sp(~: if i ( ~d c1in ~: t l'y Ily tilt' user. If th,' IU't\i sl
is usee! fIJI' output, then the sig nal list was gl! lH~rnl( ~ 1 11..<; th,' l'I 's lil l !If It si HllIl ll l.i llll ,
As wit h the IwUist pro tnw l dc~: ri h('d in Cbu p tcr ,j , ti ll! sil!,lI al list ta k('s t ill' form
{to vo} { t l lI l } " . {f" II,,}, \\'I II ' I'C! I re] 'l'I~st~lIts 1.11 1 ~ t.itll( ~ I lr 1.lws iJ.!, llal .un ] 1/ /l 'I,n-:-;" l ll,s
its value .,. either (J, 1 or X. D illy t.I11~ dlH llgl'S ill tl u!siV;llal \7duI!s lin' at:l.l1all y st,IJ!'l"II,
l fi8
All (!X;WJrll/! o f :1lab e l .sLanza hipresr-nted in F igure B.3 .
Figllll' B :J' Exarn ph' or a labe l St:llIW
label :
name: Q '
point: 20B
anchor: w
values: 10 X) {2 I } { 5 0} 11 0 I}
Pro m all o f llu'Sl~ s':ww.~ . it is possihlc for till' CUI 1.0reconstruct the cu ti rc
ph.ysi<:al ll' IITf'Slml.al.ioll of the drt'll il.011 t i ll! worknrna r-auvnswhe n the user restores
lhl' d l·" uiLrTO!l1 the ril " 1I .~i llg t.he Open.. . option of the Fi le pull-dowumcuu.
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Appendix C
Simulator Engine Class Di ctionary
This appendix provides 1Il1 overvlew of all the G++ (: In:lSl':I IIsl'.1 hy 1.111' sluurlnrur
as described ill Uhnptr- r ,I. Eadt of l.h{'s.~ dns:w:! ('lIJJlloy 11 WI' ]] ,Mi]ll~ 1 futl!"t.ilJllnl
interfa ce which together provide 1\ :11111111h Ul.lltlwc'rf ll l [( lUlIl ln l,il ll l uuu f"rm.~ I,hl' 1,IISis
of 1\ dis t ributed, hlerarchicnl circ uit shuuhuor. TIII~SI~ dllSSI·.~ haw Ill 'C'lI shown 1.0Ill '
successful in the dcserlp tie n IIIHI shnulutinu of t he follo wiul!:1"YIll' Sof c::'n lil.s:
• shnpln, atomic crnupnneuts, such as 112- illjJ lll. A ND ~al.t~ ,
• components comprised of other 1U~t.cd I'O lll]JHI U~llts , fill' cxatuplr-, H th n~"'i ll p ll l
AND gate constructed IIsin).; two 2-i npllt AND 1(1\1-1':1 and a win- lIlIll
• components wh ich eontnln fC;I;flh,wk loops, such li S nJJ HB-Lal,t:J..
By using ebjcct-or leurerl techniques suchas mu:aps ula1.iotlll lH] i lll ll ~ri 1.mWI!, a Hex-
ihle, intui tive approach t.o lligitn l ]o~ic: hardware slmulurkm is possib l(~; IIbjlds i ll-
stautiated from c11ISS(~S ill tho library hear dose rpsmllhlllllcl' I,ll their j :orn ~sJ!tJllI]ill/!,
iso
Tf~al ...mrld f:(lIlllterpa r b . The (:h~....>; library also providos suppo r t for a runt ime mmp()o
IIlmL1II111 all dl'II K~lI tIUY 11l1r.;f!r which to~lllhr. r CHII be 1I~ to interlace the simula tor
1~llll;hll ~ with II J!,na l'h i .:lll l~<;f! r iuterfal:c.
The flllluw i ll ~ S(!(:Linlls NlIll.1liu II IIf!SCriptioli of each cla.<;s a nd the corresponding
IllIhlil:, IlTllu'Cl.Nlami priv».tl! dal». members, In addi ti on to t he member Iuucuons
IIISf:riIK!fII ,duw , flUls t "fllll ! f: h~...."iC!l alsocontain a pub lic method to display diab'1lostic
jllfflrlllll!.iIl/l n !~lln lill.L: Llw (:urn'lIt .~tll tc of 1111 ohject ills tlllltin tf'fl from the e1I1SS. For
hrl!vi1-.Y, d,~t. rllrlHfS for till! da..."'iI'S Ill'M:rihed below nrc 1I0t. disc ussed .
c .i The Component C lass
'I'll/!Component das.'i nd /i as Ill! /Ihstrllcl bw'C class Up OIl which 1111 specifichardware
{·Il Ill Jlll ncfl l.~ flmsl he fll'l"ivC<.1. The ohjec t.'1 iustnntimcd from L!lese dcr i\"t'd c1aSo'iCI
m nLmUIIII the l'll'llWIlt.'1 and fllllrtiOlls to process input signals a nd produce IIPllnJp ri-
/tIl' UlltlMILsiV;lIaL~. If rhe L"OlII POIlCli t contains subco mponcnus, iL'Ipurpose is to I»L~
C .l. I Public Members
• Lis t<Port n LLis t . O..Li st: Thee t WQ memb ers ruuintaln linked list s of
input am! out put ports rt':SIJI'Cli\'('ly as required by th o compo nent Each clemoutor
1.111'Iillkl'fl tis!, il; n !' llilltl'r to II Port object , which is des cr ibed in det ail in 11.subseque nt
SI'e t;oll. Th l'S(' linked list of ports ar c used extens ive ly dur ing the simulation ill
IInl,'r 111 wtJ rtlillute t,11('prm:f'ssing of inputs and out puts and to access lower levels
llf thr-l'OmpmWlll h ler nrrhy huilt {luring the construction of t he circuit . Because a
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component communica tes wit.h rho extemnl worhl vin it s !lIlrls, t,11I' por t lisls an'
made par t of t he public lntcrfnec of the Component d ass . Null' thnr this is lilli' Ill'
the few instances ill t he lmplcmenunlon whore publir mT('s.~ is p; ra llCl~1 til 1111'dutu
membe rs or a class.
• voi d process(ck t . time time); Th is is li virum! 1Ill'IIlm i which ill1lJll'l111'lll s
the function al behaviour /If the eomponont, Fur high 1"\'(']1 '01l11"1l1l' I1IS, [t.lurt.is, rmu-
ponents which a rc com p ose dof subcmnponont s] t his Iuue-r.ion sn lll s U\'l'r a ll tln' purt
pointers in the eforcm cnunno! lnput port list, ami adivatl 'Sa ll tll l' sulll'u lIlp' UI" IlIS
which nrc connected 1.0 t1u'Sc Input.por ts. COIllP01Wt1(.s at. 1.111' 111wl's t. II'\'I·1of \.Ill' hard-
wure hlerarehy, however, must o\'erride t his vlrtuul Iunet.nm to prov il ll ~ 1.11<' spl"' i lit'
fuuctionality of till!component. For example, It 2·ill\l1l1 , NANn gato would exumim-
its two Inputs signals at tho s pl!I:ilil'd l.illU' IIlIlI producl' a low uutptu 011I,\' if h o t h
inputs nrc high .
• void simulateO : This function is employed II}' all da s,',;('s dl'rivl'd (nun ti ll'
Component class, rcgardll 'SSof t.ho hicrnrehieullevel of t.Iw 1:IfIIlIUIl U' III,. Tll is 1Il1'1.11l1l1
first determines if all the inputs fur L1H' eumpcuu-nt. urn rtsuly lit. tbc IllI'a l tinn- 01
the component. If 50. then t.his ltIdl lm! will incrnmnm. 1.111 ' 100'a l timo und illvo kl'
the p :;:'OCBSS() member Function 1.0 I ,ri ~w'r t hl ! COl IIIII!llI!111. 1.11 1:1111.'111111(' ii,s inp uts uml
produce ap pro priate ou t puts. The sreu raee O llW UIOd is l:alll'li t"l'cll l"sivdy ilS t'll1l1.l"! JI
t ravels down the thr ee dimensiona l l'l ll ll pflll l!Ut. obj(~ :1. trt ·(~,
• vo i d shoY~outputs () : III nnlur tu determine tIll: rnsuhs or1.111: siuJIllat,illll, t ilis
Iunctionmust be called . Thi... method s imp ly I.ravl!fWs t.l1I! port.... ill 1.I11! o u t put. I'0rl.
list of t he comp onent und displays all the sill;lla l VJlIUl~~ a lll i li rrws thnt urn sl urf'd ill
the output wires connected to eacll nf t.lll:[lOfts,
lG2
C.l. 2 Protected Mem bers
• COJ£ponent ( ckLtime delay , cons t char *name) : T his is thc ronst ruetorfor
LIIl' 1:/llJlllutll!/It,d mis, I I.m:I ~~IJl s a t.illling;valuewhich represents tlw transpor t.dd lly o f
thecnmpon.mt. a mIa str ing "~I JI"l~I,t1 l.i ll;t; I,hl! I I Jl Ill ~ of thl: component. Thocous rmctor
~i tlI J . I 'y i l li ti a li;~/~~ llll!dl!lay thuc, U,ITltI!a lld 10(:111 thuco l the «omponenr.This member
is111mII' PI'OI.I'I:tf,c1soliS t o pll've ll !. nhjN~ !.s o f type Co mponent Irom 1 ll-~ IlR lus t nutlatud,
Olll,v fl hjldS (krivNI fro m Component w hich Il<lvc pulllieconstructors may nctuully
• ckt _time get_delay(): T his is a simpll! IIn:esSOI" func tion which returns r.he
transport 11I:layu( lite rmnpnnunt, ILis cemmoulv used b:y the pr ocess O function
u( In \\' ~l ewl W Il1Illlll l'UtS 1.u!II'Wr tltilll: how much lillie to addrc output siv;nnlswheu
1';Plu'l'a l,illl;oll t pu ls,
C.1.3 Priv ate Membe rs
• boolean i nput:Lare.re ad y(ckt-time t ime): This is IIhelpe r member funo-
liOll l.h nt,isn~( 'd exduslvelyhy t .lu- simul ateO member fun ction, WhenIIeompouont
tlwivl~ 11ll~ simul ate () llll')",;age it UIII:it fin;t deter mine if 11 1lts inputs IIr " ready for
ils loca l rhur-. Th e inpu ts.are..r eadyO method serves th is purpose b}'sending the
get_s i gnalO IIIl'lhml to nil inp ut ports ill the input por t list. If 1111 tile inputs arc
uvailnhleru. tho s]1rl'ifil'd time, this method returns TRUEan d the simul ate( ) method
l'llI l (' (l ll t,iu lU'; ol.lwrwisl' it l'f't UTIIS FALSE.
• ckt_time del ay: The silllnlnltlrengine uses the tra nsport ddl\Ymodel when
sill lll l at.i 1t~ c:irl' lI its , T lH! delay /Iaul meruheris us edto rnprrseut this delay, Nor.e
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that, like thl' p ro c:ess O rU11I1inu , It is ollly llt't1':-."'lIf)' ftlr I'u ,u, "ll u' uls al li lt' 1111\1':;1
level of the Ili('ra rd l}'10 clc finr a dl' lll}' timr sinn 't lu- tic-hi,\" uf hir.:lwr !t-\1-1n'lIl l>ult'lIls
is depcndent UPOII the c1l'1ll;\' t illlf' of its sllIK"tllllIKIlII'lIh .
• ch ar -nam e : This mcmb-ris \l.'i1'tIUI sturr IIIl' MU te'Cl f 111l'n ll 111MIIlC'III . ' !'his is
useful for iclrn l ify illg thr- ('U IIIIMllIl'lIt wlte'll dl'l lIl~i tl~ UK'Silll llhlln r t'l1him ' .
_ c:kt_ tille l ocaL t i me : Dill' tn the Ilislri lllll l'(I IIUC'lIt' nppn~u-h lulul'I<"I 11.\' Ihl'
s imulato r , it is pllS-s ihll' for sc'\l'm l n lllljJIIlll'lIls til hl' lIt ,li trl'fl'Ut. l im,,:; ,11Iri,,!: t ilt'
simnhulou. T h is ctutH llIeJ ul H'r r(,pfl'Sl'l1ls tllI ~ IO<'lll.iull llf 1,1u- 11)IIIPUII,'uI aiI'll!: I III'
tcmpnrul rnuge of thosimulation. Onl ,\' UU ~ simulate O llU'I,liod tll·"d s 111 * "" ':'>,-'; lhi s
member, hence it is mado pl'h~Il.i ~ .
C.2 Th e Connector Class
T ill,' Connectorcla .....ili 1111 ll lrslmr. l IJlL<;l~ class ""'II"IlSil~c' fu r n 'I Il II'(' ljlll: 11I1II1" 1u,'ul.s
wtth o t he r components an d {ur COlllloctillP;("ml lllllll 'Uls with 1h(' rx u-rual IVmld. Th b
da.ss maintains a linlmd lis t of ('OIllI)lIlWnL.. whic':h is n 'ltn'SC' lll illi I1' "f Ih,' {illl"' ''l i li~L
o{ theconnector. ThisCb L......i:; a lso 1I.'ir<las a hIL..i:- fll r Sil:lIll l f1l1 l1ll1ll lli f'illj" l1 I! 'l rill~
t he simulalioll process . T hat is. wI IeW'\'f'r a 1'(11111)11111'111wislll'S til ~"I. c,r",~,, 1 a s if.\lla l,
it mlL" t do so th roug h a Cf lllllldllT. Th is d i L"'S sc'rVIS us n {nlllil\ i,li"u 11111 111 whi d llwIJ
o ther d Il SSCS , mlllldy Wire and P'n t nnt d ' ~r i vl ~ 1. Ti m Poet d lL...... in turn, "" I'II''S llS an
nbstmct. base class {or the Input alii ! Output dlls.'iI~" . Th('S ,~ t:!a!o.-';" s an ' ,lisl'Ils,<;l ,,1 ill
detail ill subsequent SI'l:!i OI1S,
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C.2.l P ublic Members
• Sig nal get_si gnaHckt_time tilDe) : This is a ]Jun! vlrtunl Iuncuou which
is n'splJlIsihlf' for n·tril'ving 1111' sifl;II'lJ which or:l:u],I1'd at r.l ll~ time sJ ll '(:i f i l ~J h,l' 111l'
[mnuneft'r. TIll' Wire and Port da."'\l~ al'!llillJ.\' rlcline thr- IH'!lll" ifJlIr of this nu-mber
flllldiulI , COll~,(PWlll.l)', IJII' des cription ur its lmplementnfion will hI' prf'liI!11!(l(1 ill
• void send _s ig naHSignal s i g) : Lik,' gee.signai O nhuvn. this too is a purl'
virtual Ium-tlnn. lIs major purpn~ ' is 10 prolHigalp nnuutput. sigllal froma compo nent
to IIU' l'olllllOlH'Jlls ill its fuu-out Iisi. T ill' Ill'lails of this funcuou will hI' dlsrussed ill
furl1ll'r detnil ill !.Ill' sedi olls !ll']'t,ll:nillg to IIll' Wire uurl Port r1ai>.~,
• SholLsignals O : A,;aiu, th is i,\ a pure viruurl Iunction. Upon invocation, t.hls
fllnl'l.im' will display all nil' siguals that huve passed through the connector during
till' l'OIl I',~1' Il 1.h,· shnuhuiou. It is dr-liuod 11)' thr- Wire and Port d ilSSl 'S ,
• void ccnnecetccepcnene &:cmp): T his method adds the spl'I:i[i('d l' OIIlIHJll (!lI t
III lh,' lis l "f n, ml"J11I'IIts ill 1,111' fall-out. list, or l lle couuoetor. It llIi1k(!s II~' of rhe add
1111'1111)('1' fmu-t.inn of l.lu' Rl'lIpri l: l ist class.
• conet char ~get _naJle O ; Ead l connector has uuamc whirh st'r\'l's to identify
t.l1111, mll IH~ 'I I Il ' , T llis rnucnon l'i llll'l,\' returns a pointt-r to that nann.. It. is lll'('(ll'ri -
rtillril.\' h,l' I hi' Rontime.Componeu d al's when constructing 11circuit from its protocol
• void prcpegete O: This method is invoked during simulation.11.<; pur pose is to
il l'rall' " r pl' IIll' l'll lll ll l lllt ' lI IS ill till' fan-nutlist undto send each of thornIIs i mul at eO
nll 'S.'ii l ).(C· I ltN l 'h,1' [Iln'i ll~ I Ill' compruu-nts t o CO II ~ \l lll{1 the ir inputs [when poss ihll~) and
l li5
to proclm'f' Olllp lIlS, lll f'Sl' IlIll JllIl s an' S111l!1t'(IIlI'1I11y pnoPlI~11 1'l1 ill 11u' s,;u l U' llla ll ll l ' r ,
C .2.2 P rotect ed Members
• cee eeeeer tc ee ee char -name ) ; The ('( llIslrtlt'tIIr fur l ht ' Connector dl\......!'i\lll'l y
accepts i t string which is Ill'>.'l i lu in il ia lizl' l lw lHUlll'uf l hl' 11'1IIIn ·lm. T h i,; mlm l ' l 'all
he re rrk-vr - dlnn-r IIs i ll~ ti ll" getJlame O at 1 'j 'SSUr furw l iu ll,
C .2.3 Privat e Members
• List<Component *> f an_out : As dl 'Sc'ri bl '(lllhol'I', c'ad l C'Oll111 'c'l l1l"is rc'S]"ll l..ihh-
for prop ag-a lin g-lIw s i~m, ls it n 'l:I'i\ 'l'lll cl t.I11 ' ('lIlUpl llll'nls IIIwhn-hil is 1 'l ll II U'( 'I I ~ I . ' 1'111 '
fan_o ut member is si m pl)' II linkc'(llist ur puiuu-rs lu c'UIIII<II11 'lll'" ill 1111 ' fll il -ou l or
lh f' cc uarctor. T his list is Irn\1'r.;('11 Whl'Uf' \ ' I' r l hl' 11)III1I'l'I lI f n 'l1 ' i \' I'S a p r opaga t o{)
ll1('lo,."'>lII!;(' .
• char *name : Uk C'IhC' Component l'l a~'" lhi s ch' l" 1II1'III 1N'r ,..il1ll,I.\' s tun'S t lU'
na me of t lu- l'U tll U'~t llr fflr f lrlmAAiI1~ pllrpllSl'S. II is /11..111I~, 1 II. i, I"lIli f,\' n mrwdufS
duri ng lilC' l 'ullsl n lct iu ll ll f nuulme 111111 IHIIll'lIls.
C.3 The Wire Class
Til e Wire class is !lSI'll prilllllrily III 1~lIlllll'd 1.\\'11I1 llnpo lll 'ul ." 11J.\l'l.lu'r, I>nrillJ.\ lI u'
course of a sitnulution. 1.111 ' Wire d as.. nlsn n whl's all Ilu! ~ il-\ lI l1 l.~ t hnt 1i1l\'l' 1'1Is."I'd
t hreugb it., qlll!I'il's b~' a ll Input. o r Outp ut purl. fur II s ill,rllli IIlllst 1'\','nl ll:dJy I", nn-
S\\',!f('t1 by a Wire o!Jjl ~ :l. Sitllitnr l,\', a ll si~lmls S('lI l, lI.v uu Outpu t pm-t must f·\'I'1I1ualJ.v
he tl 'l~I ~h"('( 1 hy ;1 Wire IIhj l 'l~t. T ho Wire ,,1;11..... iN II!'ril"'d frum 1.1", Connector d ;,s...
l fiG
C.3. 1 Pu blic Members
• Wire (cons t cba r -name) ; Tile Wire (YJIlsl rllfUJr arr "l' l:;;a n 'lI l1l' which repre-
!;('lIl<o; till' wir e1111l1 1»t.. .'j'~ it tu its 1.Iil"i{! da.~, Connecter for initialization. An initial
~i~lIal ist llf"lI ltl l<ll~ llll lh" .irr.'s ~ il1;lIlll Jist I!)' the rnnstructor using the add_si gnal O
11I1'IIIIIl!rfll lll:t illll.
• Si gnal get .signalCckt_ t i me t ime) : Duriug sl'nula tion, COIll ]JUIWlIls must he
nbh- til nhta in t il" Vll hll ~ of II ~i~1 1Il 1 thut Iruvelled IllolIg the wire nt a spr.cifird tim e.
TI Il ~ get .s ignal O method perfnnus this task I J~' tfllvrrsillj.\its t i llk(~ l l i s t of slguals
ror tln- mrrt' l·t sij.\lI lll. Clll'fks urnumdednrinj.\t he search til l 'llSlI fe that ti le cllent
1'011" is 1I111. all. 'lIl plill~ 10look for a slgnal which hns1I0t y(~f. occurred.
• voi d send.• i gnalC Si gnal s1g) : WIII'II the Wire ohjoct reeelvcs this message,
it luil is the sip;lIll lfl its sip;lIal list II)' calli ng its add..si gnalO membe r function. h
Ihl ' lI llLu'llIpls III l)ffilwigalc t ile signa l to Ill! th{~ COIll IXJllc n lo; ill its Ian-ern list h~'
i ll\1lkil1~ tlK' prc paga teO method of its M>;C Ccnnectc- c!1IS.'i..
• yoid shol'-ligna1s0 : This lll<'thoc!",it1disp lay RII out put sta nza h(~II'r and
I IIf' sijl;II:11 \'llllt~ :Iud l im~ currently miidilll! 011 the wire by ('ailing the pn\lI tc
di spla y_si gnal s() fUIIl1.ion . It i."i invoked illdim::tly hy thesbov_outpuu O member
fllllri ion IIf tlit, Component clnss alter 1\simllJ1\tioll hll.:f been completed,
• void add . lIi gnaHSigna l s i g): This method will nppend tho sl}('(:ificd signnl
t il IIll' Si!o(1I11llisl. mnhn.nined h:,"' rhl' 'virc. Thelmplementa tkmof this Inncrioncnsures
11 1nl thl' sijl;Jl lll is ill time-order with respect tu the last signal in the sigulil list ; if
nul , l hl'll il dillglloslil' warning will be displayed. This function is used during the
illiliali"l.aliul1l1fIlu-wlre 1I11t! h,\' thl' send_lignal 0 memhcr function, It is also used
Wi
h)' the Runtime.Component da:-;.~ I II a" .1 111I' initia l !<iiV;lIa ls hi l h.· I'rilllar, ' illpul wiTt'S
during t he c onst ruction of thl' I1 1111PUIII'II l.
C .3 .2 Protect ed M embers
T he Wire class has 110 I'rlIli't:It't:1 1II1·lllhrn.;.
C .3.3 P riva t e Member s
• Li st<Signal > signa ls: Th is privat e 1I11' lIIbPr n l'l~ as n l"t'pusi lol",v for I,ll l ilt'
signals whkh havebeen I.nl lls l11i Ul'f1 thn Jll/-i; h un- win ' dllrillJ,:1.1 1<' ,' O lil'S I' .. f 1111 ' siruu-
lation . It is s imply 11 Iinkrdllst of Signal fJhj l't ~ I ,~ ,
• vo id di sp l ay"s i gnals O : T his Ilt'lpN 1I11'11 ""I"IIII' I",\','(1II)' show.signalsO
iterates ever t he Sigllllllislllllll d isp la,\'s 1111ti ll' si~II a l \1Ihll'S mid n "lI 'S 1'lIm'ILl)' 1111
the wire. Only the dmllp;I'S ill sig llal valuesan ' 111'lll lllly Ilisp!; I)"..1 II)' tl .is f lllll'liHlI ,
• vo id r eplace (Si gna l s ig) : This rllndinl1 is list'll h , n-plu...• a siV-Iml ill tl ...
list with the speci fied signal. It is intended for li S!' dllrin v.111I' !<iilllllla lillll .. f '1~· rf .. . It'\aJ'
clem ents but is nnt. 11",..1 hy thl' r llt renl impll·lIf1'nlnl itlu.
C.4 The Port Class
T he Port class is yet another nhst.r.n-t baH' d ass whid l fontls HIl' fUlIl1I laliuli f",.
both th e Input and Out put dassl ~" , The Port d ass provi.ll'S t.Ilt' JlU'll11S by whid l
eompouent s l;Ollllll llllil:al,t! wit h t hl! ("xtertml wllrld , l\rtt!r l 'ullst,rud itl ll , " Ill' I , iUIJlIl.
port will know its cxu-rnnl r(~pd i llP; ('lIt11I1!I:l.Ur allll I!UC:!I 11111.1'111. pllrl will know wllid .
extr-mu l ceuncctor to fl!'t..1. AI> 1l 1l !ll t i ll lll ~1 eurlier , II link'!!'l list /Jf inp ut awl ""!.IIIl!
IG'
I""rl... is mailllairll, 1 in tI" ~ JllIhlir. inwrfllM" " f f'/lC'" -ompone m. TIif'SC ports contro l
si ~rral fI"wtO llmJ Iromt hl~ n mIJ"IIJI'III., T he Port c};~'iS is rh-nvI:'!.1 (rom IhI' Connector
C .4.1 P ublic Mem bers
• Sig nal get _signal(ckt.t i lle time ): Quitc' lii ll1 pl~.._lhis IIwthull rMri C'\~ the'
sj~Il '" whic:h h, ',~n rll,1 at t llC' Slu,~ilif , 1 tilll!' Irum l.Ilf' uuuuetor wllic-h f£'(.,1s il hy
get .s i gnal O t1]('l luld wlll recurse Ihrlllll-\hhil-\lll'r-II'I'('1 )lor!.s uuuta wirr- is rl'lld ll~ l ;
at \l'lIidr l'oi tll.,l.lU' sigrmJ li,...r of llie win! will !Ie' ITIlI'('/"Sf'tl aud fIll' dc~i n~d siWml, if
(u1l1l<1, lI'iIll ll' rl'luwc '(l.
• Signal sen d .s ignaHSignal sig) ; This method i...11:0;(.'(1 10 tmn...mit tlu- SIX'l:-
Sit,!!;c' III 1111' I'x lM'lIl1l l'UllIlrt"tllr. As with IIIC- get.s igna1 0 1IK.'t.hod ,send. signal O
will n"I1I,... l l ln lU~h h i~dlC'r- II'\T'1 poru...unu l tile ,I",,' illat ion win! is reached. Tho sig-
nal 1\'i!I ll",u III'mlclc'l\lIll!l.\1 win°, 'H is 1II1'IIJrMI al".l propngan-s lilt' signal 10 1111 th,.
f'1IlIll"ll1i'nls in th,. ('UI..nn ufl lll' port b~' ill\"Oking th'! propagate{) mmnlWf (1l1ll~ti"l1
II"hic'h it i lllll'ri"~ J (m ill it); hllSl'Connector d as...
• voi d s how.signals() : This llll ot,hnd !'I'1l(L'i thl'!sho w.signalsO nussagr' tn th..
, ' xll'fIl a l l'ullll1 ~' l li r ur Ihc' purl in llrd l'r III rlisplav nil llll~ xlguals that ha ve 1); ~'S"\I 'I 1
thmug h I.h(' IlUl'l IIUrilll-; ti ll' ('OIlI'M' of ti ll' simulation. As with the previous two
l1u'llllllls, 1"l'l"lll"SIIlIi wlll ucrur until 11 win' «ounrctor Is reached, at which point thc
~iV;l liIl lisl. II( Ihl' WiTt' wilIlK' traversed a mi displayed. T his llIethod is culled hy I ltc~
!GO
shov_outputsO 1111'1111"1or li lt' Component 1·la ....... .
C .4 .2 P ro tect ed Me mbers
• Port (Connect or leo n, const char _name ): TIlis 1~lll~lnll"lllr a"Sil1.lls I Ill' 1~'It·
nect or rt'r{'r{'l\("(" to 1-111' ext ernal pmtl'l' II'(III<lI:11III'mlN'r a!<o 11I'l't'riIM'tll ,,'xt m,. lll;\ss,~
thf' IHlIIl <' of ti ll' pntl to t ill' loaS!' Connector 1'(1llsl n lt'l "r, TI ... n lns l f ll, i "r tor I I... PorI
d as.,; is Ilmll't ~I I '(1 SII as In JltI'\'I'nt 1l1'111al o l,jl 't' ls Ilrl lll' ..Ia;.."'< Inun lll'iul1. iw,lalll i:lI, .. I:
o llly d assl'S de t ivI't1 fm lll Input nud Output ,'11 11 l ,t, ITl·all'll.
• Connector . extern al : This nn-mhern'pl"t 'sl'lI l s till' l·xtl' l'Ilal l·" U1 U't' I.I'1'n which
the purl itself is uonnceted. This da ta nn-mlu'r' Ils 11a ll.\' plliUlS I U ;I purl ill a ll hu-rur-
th l' por t . Noll ' tluu IIl'('l\lLSl' Wire RIllI Port llTl' IKIIII111·t i \'l 't1 Imm t he Conllcctor dass.
ext ernal may IKlillt t il " it lll'r n Wile uhjl 'C ·t or :J Port " IIjl'C·!.
C.4 .3 P r ivat e M embers
The Port dass has 110 privnte- m'·lllIK'TS.
C .5 The Input C lass
The Input elas s is dl'r i\'(!(1 from till' Port eluss anti is IIM"t III s illlulali' nn ill l'lIl 1''' 1'1
of H (·Olrl]JIIW·1I1..1' 111' input, purt s uf H ' ~OlllPOll ( 'II I , an- ull st u n' ll ill I,ll!' I Li s t IlIlll lil'
III l! lIlb pf of llll! Compo nent cluss und eall 1,11l'l'l'fort ~ IJI' u,·f·l's,...·d by fllIl s i,]I' "loj( ~ ~ I , !<o liS
is the case ill tI lC ~ real worhl . TIIC ~ pdIW Il'}' ]l1I1" 1I1 1S(' u r a ll Input "lojl ~ 'I , is til IJI'rm il
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Lhl!Ilil'mn: JJy illlllll'dillll!ly llh"n! lll ll pert, Till! Input ol,jcc:t is also respousihlo fo r
Il"tify i ll~ ;(11 t ill! J;ulwCJIIJIHIIII'IJts which it fl'0:ls to PI'fM~"" t heir inp uts .
C .5. l Public Memb ers
• I nput(Colllponent temp, Connector t con , char - name) : I II order 10 hulld
:11Ii ll l' u t I lu r i. for LIII' rllllLi" w 11"I1I11""l l'lIt , t he Input consr nu-ter tilkl'S a r eference 10
tln-l'OIllIIUIII'1I1 whkh l'lwln"' 'll Llll'ill/lUI I'0rl, I I reference 1.01IU'connector which f("" ls
I , hl~ illll llL [Jort a llel II IlJLI Jll! fur t im luput. por t. T he connector reference and name
pam IllP1.l'I"l;llt'1' jJlIs.>;I·,1 tlJ 1.111'Port has ed as.'>I:u ll st n w l uf , t l ll'f('b.v t:lJJJtlt'(:l.ilJg t he ]l o f l
III il,J; r-xu-ruul liIllll'tl' rnmn s.tnr uud stori ng the untne of tlu- por t. A conne ct O
lIl1'ssaVo" is t.ln-n s ent III t ilt' exu-runl eoune-tor wirh t ht, eompoumu r t'f cf( 'I lt:t! IlS n
p;lrIlIIll'll'r. Th is llflds t ill! 1:lI1l1pmlf'IIl which c'nd OS<":i the port to the fllll-Ollt list of
till' r-xn-ruul ....IlI Il''C·I~Ir. Til t' input port is the n Ildc!I'C1 10 the input port Ii sl of IIII'
' ·lIdusil iJ,ln'lIllll'/II' llt .
• void send.signa.l (Signal sig) : T his IlwLhlMI cl\'c rri tit'll t he l."Orre; IKllllillg vir-
ural flllWliulI in IIll' Port d il1;. lkra lli'(' inp ut ports l:Il1l1Jutsond s igna ls, this flltlt:!iull
siml,I:,' t1isl' la,\'s lUI "I'mI' 1II1':'t.. 1 ~1· illilit'a li ng th at lUI input port ut rnmpr od to gelll'ru tl '
C .5 .2 Protec ted Member s
TIll' lncut rhe« has IHl p rn l t'd l 'l l l llt 'lll hc l"s,
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C.5.3 Private Mem bers
The Input rla s-"has no priv ate uu-mln-rs.
C .6 The Output C las s
Th e Output clnss is der i\'l'd from 1.l11' Port class mill is II ~I ...I 10 ,<;il111111l11' nil output
port. of n component . TIll' 111l1.l'uI, por \.s Ill' il rmupum-ut 'In' all :.;10 ]"<'11 i ll Ill(' O.List
public member of the Component c:!as.<;nnd cau t1wl"C,fcl!'(' hi' nI TI'~sl'l l by Illl lsh!l'
nhj e cts as is t lw C1L<;{'ill I,ll I' real world , The pur posc' of an Output ohjC'C 'l is til m-r
as a gat c ~I\';I)' l.hrongh whleh xlgnals ~"lIera tc 'll 1',1' e-omponcuts I1ta ,\' IIC' Irn lls l l l iu. , ...1
to wires connec ted to t.1ll'oUlpu t pori.. B.'n \1lsc' siRllals 1IIay IH' lnuh II'l'il.l.1'1I 1.1/ an d
read from all output port., 1.1)(' Output dlls,<; s ll p l'0 r l~ both IiiI' got_signal0 lind
se nd .a i gnal. I) virtunluu-thods ns cldi rlC'c1by i l.<;purt-ut. Port t:!m,<;. As a u-sult uf I,his
inher ltancc , the iurplr-un-ut.nt.innof 1.111 ~ Outp ut d llss is VC'J'.'· trlvlnl.
C .6.1 Pub lic Me mbers
• Output(Componont temp, Connector &con, char ~ n atne ) : Likr- 1.11l' Input n m·
structor, I III' Out put cnustrnctur l.akl's a rcdi'n'lwI ' III 11ll' ('{!III IUHI" 111which " I 'l l l ai l ls
the out put por i, n rd pn 'I W(! I,ll tire ,·() t11I ' ~ ( : I ,or thaI. um untput purt , rl" ~ ls a irel:1 mU1I1'
fnr rh o output. purt.. The «ounector l"1-re rmu:,~ lUl.1 name panullf' l.t',.s nrc' 1';lssc., j 1,0 ti lt'
Port hasc ~ class coustruetcr, thereby l:011tlec:titlj.\ t hc ~ pori, f.n i ts (' X I.r'J'WI ! dl's l,iua l,iolJ
connector uin l s torillp; tlw numo or t hl ! port.. The output. 1'01'1, is 1,11l'1l Ildd ,~j !.CO ti ll'
outpu t por t list or the l!IId osiltj.\(:OIn[l01l1' 1I1 .
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C.6 .2 Protected Members
Thn Output d;L~~ has no IJwlnl:l,l'fl members .
C.6.3 Private Members
TIll' Output r:IHsshas 110 privatr- llwlllh prK
C .7 The Runtime.Component Class
'I'ln- Runtime .Ecmpc nent diL'-~ is ll M'f1 to 11.\'J1i1 luieall,\' build a hip;h-Ie\'d nunpounnt
Hml nll il.sSlllu'flltlllllllPllt'i 11lI~l'rl1J pu l1 an input stmntn ofw xtual dat a \\'hk h t!psCl'ihl's
l.he c' i n~lI i l , nml ii,s input.si!\llnk III tlw 1~ I)lJWXt of this project , tl H~ textual stream is
SPil l, uwr a WlllllllllUlpipeline to till' simulato r by a ~mph iGl 1 user interfucc. AfteT
cuustnu-tlnn, UlI' d n:llit is simulllt.l'fl ami its TeNult,lIlll outputs nre sent to standard
UIlt.Plll.. T Ill' ( a ll Tl'l:r.i\'I'S JIll'S(' out put slgnnls 0\'('1't.lll' commandpipulinn and then
] l11r SI'S unddisplay,sIiiI'm ill the wnvrfonnl'dilor , T he Runtime. Ecmponent is <Jeri\'I'I1
Innu till' Component d ass uml is l1s( 'I II'XI,I ~usi\'el}' by member Iuuetious or the Parser
C. 7.1 Public Members
• Runtim e_Componen t (): T Ill' construc tor for the Rcntime.Cornpcnent class simply
illiti;,lizl'S its haM'dl1 S.~ h,v invoking IIll' Component constructor with t Ill!arguments
CKT_TIME_NULL Illlll wuh 1,lIt, i tl('n l i r~'i llg st.ring "Runt i me", The CKT_TIME..NULL 1);1-
T1111 11'1.1'TsiV;l1 ifil'~ thnt. till' runtime component has no delay; its delny is determined
by t he t ransport t1elaYl\ (If its sulxmuponems .
• void cr eate_i nput(Wire -vt r e , const char - name ) ; T his 1II.'mlN'r fum-.
tiollll imp ly CJ"('.atNl n IIl 'W inpu t pUrl for t ll(' nuuiuu- n'lIIptlllC'lIt , Til.· wi r e I>;lmlll.' ll ·r
i.~ n pointer to th e win' tlmt (I'('(l.. rho input pur t nndthe name Illlfl lltll'lt' r is IIN'lllliq uI'
string th a t idcnti fit':i tlu- port .
• void cr eate.o utput (Wi re - wi re , cons t cha r _nane ) : Tl lj." IUI'mIN'r fill ,...
t ion , like create . i npu t O . t:l"t'al t"l' a new tm l ll ll ' INlrt fnr II ,.. runtjuu- n ,mjlll1l'lll .
T he wire parameter is u pninwr I n t he win' III whh-h thl' Ilt 'wl )' t ' lI I1 Slfllt'll ~ l ullIPIlI
port smuls it.",sigtu tls undthe name pnrntuetur is {lu- uuiqlU' slrill~ t haI, id"fIl.ilh's I.IIt'
por t .
• void create-inter nalCWire *\lire ) : The mntinu- I ~ 11l 1 111 1Ilt'n l . IlW.\' ruutaiu
iuterual ncrllsts which lin! li nt counceted to a ll)' t1f i l." input or t ll ll .put IJou rl.... Th is
construc tor will IIdd t he sJ)I'Cifif'f1 wire pointer 10 a Iillkl,,1 l ist whirh st ll n'!' a ll lilt ,
intcrnajneths ts ro utn illr.d with in the nmume 1' '' ll l"IllI'III .
• Connect or *find_conn ect or (cons t char - na:ne ) : ' 11lis is l, 11I·11 11·r fllltd illll
t hat searches for th e lll~ifj l'l i n Joll Il('("tur mUlII' a lllll/lgst t h,' inp llt lHlcl tlllllHit )" ,rl."
find the lntcmal uc rhsts of the n lllli ll\l' l ' IIJIIKlll lml. If li lt, ""lIrd l is "11...,,_ful, t lll'lI 11
pointer to th e I:orrcspolll l i llg N lll lll'l.:tn r is n·t llrlll 'l i. T ilis llll!tlltld is IlSl"lt" tlt'Lt'fl lli w '
which wires and ports are to 1m 1~ ll ll ll'l. : tl 'l. l to I.hl· purt.,>of I,hl' sIl IH1'1lI1Jo" ll t'UL'i uf l.Ilt'
rlll:omp ass ing rlln tilll e c:ulllJlUlrl·ul.
• i nt cr eat e.aubcmpfccnet char *t , conet char en , Lf at cchar- *>io ) : Irr
order to «rente a suhcnrnpOIII!1l1. insill<! thll rllllti llm l:om IJtUlI' lI l.. this ml'l.luut lIl11sl
be used. Afte r iustlllltin t illg tllll Sll !JI:l lllll KlIW ll t., this Iuucthur 11' lfIlI,,:I.'" it I,ll ti ll '
specified inpu t and out put pur ts uud ro tIll! int"f1l11l nl:l lisbi " f 1 ,1 1I ~ f111II,illW 11 Jolll l '"IIO'lI t
'"
l:fl!at.l!d earlier. T he t purumeter Indicates what type of suheomprment to creato (for
example, a NAND g:aLr', xon gate, und so 011 ). T he n parameter gives the na me
uf t.I l1~ nm ll!Olllmt which i.~ passed 10 tire COlIl!lOIICllf,'S constructor. Ftnat ly, lim i o
pammeuu- is 11 lisl conl.lillillg:the namesoftlw connectors to whichtl ll~ subonupouent
C .7.2 Prote ct ed Memb ers
'1'111 ' Runtlme.Ccmpcnent «lusshas no prutet:Lf'd members.
C.7.3 P r iva t e Members
• Lis t< Wir e *> internaLnetlist: T his llatn member is a linked list of wire
pointers whichstores tho iuterunlnetlis ts of the runtime component. Iutc nmlnctlists
ani winis which an' not connected to any of the itlPllt or output ports of the runtime
1~ll lll ]JlJlll'JlI.. T heir pr imary purpose is to CIIIlI wcl subcomponents togethe r. New
lnturunluntlists ure added I,{) the list hy the cr eaee.meemat O member function.
C .B Th e Parser Class
Tlu- Parser dnl's providessuppo rt for rudimcntnry parsing or textual input ill s t,lIIlZI1
[;>TllIlIL Wit.h rrSpl'l:t. to t.I](~ implementation, this class is used to parse an inpu t
srrenm whirh rl']lff'Sf'lll,<; it drcuit description anti then build a m illim e component
ll h.i l~ · t. l ~l s(!i l upon this input s rreruu. T he input stream itself is typicallysent by n
~rapl li('fll llSl'r inlA'rfm:c 10 the simulator engine. As each stanza of the illlJl1 l stream
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is read and IJllI'l'lNI, thr- wil'N'i, portss lI11I1 t'OIllIJOIu' lIl s whit-h t'Ulill'rist' Iht' runtiuu-
C .S.I Public Me mbers
• Parser{i nt bufsize ) ; This constructor illili nli7.t'Sa ll li lt' IlI't1'S,'i;II')"tln tn uu-m-
be n; of t he Parser ohjt>ct an d Rllm 'lIl.f>l> a h n lfl'r whu-h is lls, ~ 1 t u stUft' lin. 'S as Illl '}'
a re read from t he input s t ream. Tilt , munber uf hyll'l; II l1 ut'a l l ~ 1 fur 1111 ' h nl fl' r is
determ ined by I,he bufs i z e pa rnruef.r-r. D,vddault.. 111l'Imlf" 1" siZt' is :;t'l III f, l :! 1,}'1.' 'S.
• boolean ckt(R.untime .Component kemp): T his 1I11'I,lulI l m-ts ns tlu-muin dl'hw
fu nction which is rospons lble for rendi ng t Ill' stnmm 11I'11I11'rs a nd 1.lll'l1 ill \'lIkitl~ !.Ill'
correct methods for Illl il rl i ll g thl! sll bl!lltitil 'S o f l1w f uul,j lll l' l' IJIIl l l tl ll l 'lIl. I t.s ,11I1,it 'S
include dispa tching til e read..netlist{ ) 1I11e! read.component () 1III'I. III IIIs, whicha n'
described next.
• bool e an r ead ..net li s t {vi r e . t ype e , R.unt i lle .Collponent l Cllp) ; T IIC' pur-
(>OM'of t his membe r fuuc t km is tu !I<!l };(! a tII,t lb " Slllll"l.lI IHHI)' n'ml from SUIII.lil fl l ill·
put aml store all the notlis t nur tbutes. The t !)lIrlUlIl'Wr i lll l il~III-I'S wl ll' l-lIl'r till' 1I11'1-11III[
is to read a n i nput, out put or i ntern al stuuaa, Aft. 'r I~n 'a t i lll!; II III'W wln- n' pn '-
sc llting the nctlist , t his lI\('(ho.l will d isll<ltdl tI" , ;\Pllrupr iah' Runtime.Component
mem ber functio n to ~n~ll tc till! necessary pe r t or I~l atll l l l ll~ UI ~IJist w i ll ~ 111thl~ list "f
internal netlis'-" m a intained hy lILI ! runtime I :Olllllllm~ lIl. Fur I'XlLllp ll', if Llll' IlIl,lI lt ,,[
was reques ted to rcudnn output srnnzu, lt willtlisputeh ti ll ! cnp. cr ea ee. cut put I)
mem ber function, Upon (1lIl:01l1lte r illl!:II ver ue aLlrih ul.l ~ llm- ill lUI in put sl.allza, iJlI ~
read..netlist () method will l li sPll td l the read.s i gnals( ) trll'l llllli.
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• boolean read.sign als (Wire . wir e ) : This member function wlllparse a list of
siWl<l1 va]lles awitilllc:st hat follul\' the val ues attribute keyword luan I nput stanza.
As r'll/:II siJ.;lml value1I1ll] li1J1c!is pnrsel, they an: mhlc!{1to the wire parameter supplied
1.0 lilis IIlc!l.hol!. T ln:SI: s iJ.;!IHls rcprrscru the pril1HuJ' inputs of the circuit.
• boolean read.component(Runt illl(LCOmponent kemp): This mcmhcr func tion
I'an;r~ I.lu: aUrilml.ps ill Hie body uf /I component stnnzn ami const ructs fhl~ ' !esirccl
.Sl1hUHllpOlll'llt. E aeh component st.allza body consists uf three nttributrs. T he type
uml id 1I1.lri1JUl.r~ lin: rC:IIf\ hy 1,\Ie member fuuer.lon r ead _componont _at t ribute O ,
which is dl'Sn ilJl'd nnxf.. '1'1[(' port att ribute, which lists the 1l1ll11CSof the eouncctors
uuurhcd 10 till' ports of ti ll : Sll!JC:OlllpOIlC'Il" an' read and stored ill II linked list of
str illl-\os. 0 11(:0 all Llw slIhtu lII!'Olll'IIt.\ at.l.rihutl'S undport eonuector lU\IILl'S have been
id('lI l i lil ~ l . l.huyan!smu. as paranu-terx, to the runtimecompo nent's create.eubcapO
method.
• bool ean r ead _component_attribute (boole an lc, char *ltv) : Th is tnemher
funeuou is used til read the typ e awl Id uurtbutcs of il componen t stauza Imdy.
T I ll' hooh-nn pnrunuw-r, c. is l1S1!d In (~l1SIlI"f! that the component attr ibute was uol
al rc~ lll.r rend (~l rl il'r. T he v pnnunoter rcproeuts the actual value ortho att ribute.
This jl iU"illlll'Wr is simply 11 st ring which is dynamicallyallocat ed and assigned the
appl'opriatev<lliw by tl lis function.
C .8.2 P rotected Members
TIl{' Parser t'llllot."I has 110 prutectcd numbers.
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C.8 .3 Private Members
• int gee. rme O : T his priva ll' mombcr Iruu-t.iun1"l'1Il1s In II lilli ' I ll' l l' x l From111l'
stnndnrd inpu t and sto res it in I,ll(' h lllf('I' of till' Parser nhje;-t. TI ll' lin9 .nUllIda ln
member is incrl'lllented aC{:lm1ill~I.I'. [ f c,lw pars l'r illn' l\lI,\' hnd 11 lilH'nwl l<~ [ ns tlu-
result ofa prior rail to unget _li ne() . t11l'11 no lill l'is rend il l Iuuu slaw lan l lnput
tho li no already ill tbo buffer wllllx- l'I'lvu'dl'd as Ihl' rurrvtu lim- Ill' luput.
• void ungeej I ne 0; During:the 1'\'fl(1'S...;i llg of lilt, luput I'll 1'1';1111 . i l is sllllll'lill ll'S
necessa ry for the parser 1.0 put 11 lil\{ ~ luu'k in nil' input. stn-nm whcu ii, llll s n-nd h Ili
fur a head . T he ungeu.r m e O memher funrt.lou lim'S uus hy It'lI\"ili/!, 1-111 ' lilli ' ill t.lu-
buffer unchaugodand s(~ tling 1.11(' cached data nuuubrr tu TRUE. "l'ln- fuur-Iiou l';1II
"ungct" II lint, only i f ;It leas t one lim- It HS a lrt'w l.v I ll ' I ~1I n'll ll nud t ill' ca c hed ,!IlIa
memue r is F'ALSE.
• void errcr Ccher *er r ) : This mcmhr-r funetlon simp l,\' displn.vs thr- sllpplil'd
error message, the curre nt Iine 1ll1l111ll'1"and enm-nt tnx t li ll I' to t ill' Ilia~Il I~..; tk Ill/!,
str eam. carr. II is 1151'(1 \.0 rupo rt. 1~1T(l\'S l'l1l'IlIlUlpf<'11 dlll' i ll!-\ 1.111' pa rsillV;of Ill!' in p ul
stream.
• char *ge t _vor d( c ons t char *delim '" II " ) ; This luncrhm imph-mours 1111
elementary tokeulxnr for UII! Parser d m"";. UPOll f'l!lll pidio ll , lit is ruuenou will 1"1'1,111'11
the next to ken ill the buffe r thn t is dl' lill l i 1. l ~d by (Jn l ~ (Jf 1.111'charl\l 'II'I'S ill III!' de lim
parameter. 11. makes use of a \.1~1I1 f1()rary Imlre.. whie:h is (IYllmllil:all,\'allun ll.l'.IIJ,v rhls
meth od, if neces s ary, T he library FuuctiuustrtokO is Ils( ~d 1,0 nxf.uu-L 1,111 ' l,o kl' IIS
Item t.nccurrent line.
• canst i nt Line.s i ae: T his variah\(~ rl'! lI·I!SI!lIl.s l.1l1~ si·I.I'lIl' I.lll' hlll!'I':' l o ll!' \ ISI~1
J7S
I ~' t ill' 1l<1 No:'r In store I'lid l lim' nf input. II is i ll i l i ll li /,,,I I ~' IIIl' Parse r r-...!1str ll'· I...r.
li s \111m' slltlu ltl be lar~I'r Iha ll IIll' 11 '1l ~lh "f Ih,' 1111l~1'S1 I,'x i luu- ill 1111' input sln'lll lI.
• i ut liue ..llUlll: T his datu I\wmlK'r kt"'IIS Irad; uf IIll' 11lIml,,·r ...f line... "urr.'lll ly
read . \\1l1'l1 u u er tor is l'IlI'1III1lI 'n'll ill Ill" IIIPilI stre.uu. IIIl' lillI' 1IlIIlh"r st"Il'l 1 in
Ih is va riahlr- is d isplil.\n l h' ilid ill II u- , 1('IoIl~ill~ pr ...n'S.~ ,
• char +bu f f er : T his Ila l ll uu-mlx-r slu re'S1111','u nll'lll s t1f IIn' 1'lIrn' lll hill' n 'a,1
from sl mula n l illllill.. IL is tl~· lI a lll il'a ll .\' nll'H'al l'll h~' II" , Parser 1''' lIsl rlld " r. '1'1u'
get _l i neO momlx.r Iunr-rlen al'lll all,\"~;lu rt'S tl u' 1'llIIll'llIs ul'l llI' 1'lInl'll t, liur- ill IllI'
Iml fer.
• char +t mp_buf : Durlng 1',,'.'c'ul ;111nt"11l1' InkC'lli'f.mlou fl1lwtil1n, get \'/o rd ( ) , il
('Upy oflhe lilll' llllilll l'll lu i,,\"IIll' buffer Ila tn lllC'IIIIH'r is ilia ci" " ll< I .~ I "Il ..1 ill t e p bur .
without Itlll' ri llp; t Ill' or ip;Illlll m ll lt ' lI ls ,K,inll'liln II.\" buffer.
• int cached: \\rhl~1I ;1 lilll' is tu II(' plal'l~ 1 hlll'k iulu l hl' i ll PlI1 sf n-mu h)' l lu'
unge t _lin e O 1I11'1II1K'r fllur tioll , 1111 ' cac hed ,101111 lrll,ltIlll'r is SI'l III TRUE. '111is will
i ll h i h i l It SIlIIS('(jll1'Il1 ge t _Une O iU\1M'll l i ,," Innn I r~' i nJt l" n w l illl" Uwr lilli' fn ll ll
Sl" lllhn d inpn t ,
• i nt read. one : Uponn' lIdi nl; II lun- "rtext In un tln- i ll l'lll sm-am. l his .Ia ta
member hiS1'l l.oTRUE, inclicnlill J.llllII1a l lI'lIst."Iw liul' u f s l lllld :trt l inpu t lIas I "~ 'n Mll'-
cessfully rend. T his ho oll'llll valueis elms ll l tl ~l by 1111 ' unget _l ine ( ) 11 11,1gc t _IIo r d ( )
meruber funcf.inns.
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C.9 Th e Signal Class
W'· I:a/lI.lliuk hf sigllillsli S Imd nl; t,\\'()illl rill1l((\": a VHIlIi ' [for r'xntuph', !Jig/!, /mr
or ,11J1/' I, I ,-l ln ' ) and II Ii Ill!' M whlrh the signa l tx-currr...1 dllfilJg the simulnuon. Til!'
Signal dil~" b llSl'r! 1.0 aggr"WII(!1111',';1'two uttribuu's inlo l\ Silll!;lc' entity. Sigllals me
rn'(jlll'ully lIs,...1 [J,Yd a:-;."l's rl,'rivl'/[ Inun the Connector ('lass sinn' thr-se l'!ilssc'S Ill'!' re-
spn llsi l )lt ~ f'JI" t il l' lnl lls ruissillJlo fsigllals t hmugbnut the nircuit. dllri ul; t.l1l' sltnulat.ion.
SiguJds al"<' also llSl·d IJ)' !.Ill' fOI\'/'sl, ]('wl C'll lll lHJlWlI lS when it rruncs t.illle· for 1111' 111
tu pru n '1'o.'; 1.111'ir i ll l" l!.". Ti ll,; !' t Olrll,,!UI'nls Ink" their input signals frm ll their input
purts aw l plllcllll:l' apprnpr iatl' sigrmls which il l'l' SI'1I 1 In thr-lr output port.s.
e .9. ! P ublic Members
• srgn aits rg.vai val , ckt~t illle t i me): The Signal runstnn-uu- lln:cpls n sif;-
nul vnlur- [whirh is silllply all cnumernu'd (.rIW) 1\11(1 the nmc at which the «ignnl
oo-nm ..l. TI IP l'um 'spouclillP;Ilfirnl p 1ll('1II1H'11i (If the Signal object urn then lnltlnl-
• f ri end oanre era "operator « (os t r eam ac e , const Sign al b ig ) : This is
11 11 O"I'r!Il,ull'rl operator Innrttonwhich Id s the implcmeutntionuse thostuudur d in-
sert.km 0pf'nltor (<<) In displa,\· thl! value and time of a Signal ohj ctt 011 stnndnrtl
Il ll t ]1111,
• Sig.Val get.vaiu e O : T hix is a simple ncressor function whir'[t ruturus tho
\,.,IIU' of ttu-sip;llal.
• ekt _time get _t ime (). This i~ a simpleaccessor function which re turns the time
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• voi d set _value(Sig_Val nevv aI } : Th i10 nu-thod d llln pp ; t Ill' \'ah u' uflill's iglial
to tlu' spl~'i li('d value. It is llsl'd 0111.\' h.\" Ilw re placeO Hll" lulll "f tl u' Wire !'las.>; ;1I11 1
ls lutcnd«! for future 1OllJlI J(Jrl ' lfl. l'lu'l ll'lay ("l)llllOlll'llt slnurlminu.
C.9.2 Protected Members
The Signal class has 110 protl~·\('1 1111" 1II 111'r1O.
C,9.3 Private Members
• Si g.Val value. This is nu ommunu «! Iypl' which rontnius tfn- vnhu- or Illl'
siglla l. T his vnlue t-au ht, otIC'III' SIG..HIGH. SIG_LO W, SI G_X III" SI C_NULL. TIll' I:lUI' I'
signal value n~pn'sl'll1s all ill\'Hlid slg nnl.
Th e ckt _t i me type is dd il1l'd 1.lI Ill! of I,ypl' Long ill Ihi.s pal'lklllar imp li'lIIl'lIll1t.i llll.
1'\\'0 cousuuns , CKT.TI ME.I NIT ami CKT_TIML NULL rt'I)I'I'101'1I1 :11 1 iuit,ia ll illlC ' allli ;111
C .lO The List Class
Th e l ist class provides gonuric sllp l' mt for li l1 kl ~ 1 lists. TI ll' tl 'lIIpIH lc~ J11l ~'lIa ll is l ll
of C++ is nxed to ma ke t he gC!ller ie lis t ty pf'safr'. Au xiliary das."c'S list .Node all,1
lisUterat or am used to sto re tho /V'III'I'ie dala m;sOl:ial, 'd with I'adl lI lJd l ~ Ill' 1.111' l isl
and to sUJlport lturat lnn over (, h c~ I'Ic'lllC'lltS Ill' ;l Ij l1 k l ~ 1 lisl,. fI'S[Jc:l:I.i\'t{y. T Ill' illl!,ll"
mentation of t.lu:SI: auxili ary d ns.<;c's is tr lvlnl; t. 1i1~J li n' 1. 1 1l~rdll ('l~ uol. Ilisl:IIS-"l'd ill t1Jis
sccuon .
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C.W.! P ublic Mem be rs
• LinO : Tl w List nJll~trnrl "r iliitinlil l'S 11,1' head alld tail " f t he Iil1kld Ibl In
thl' 111111 !,IJillll'r anrl illilill' i1.f'SLIII·IIII11JIJI·r "r f'!I·IIII ·lIl...nlm'1l11~· lu ihcllst te e-...' .
• add(const Type bte.) : 11,h IIlf'lIlhrr fllllf,l illll IIIMs 11lf"dNIl'~IIL sp'-'f"ifiMIlIy
i tell III till' linkl'!l list. MrlllllQ' for ti ,e 111'\\' itetu i<; a1l0("1I1MI Irmn till' ffl'f' ~ICJll'
111111 11", I·I' ·UWIII. is I'JlIIl'IIlI!'!1 III till' end of 11ll! Iink''f:1 Ih t. The head alld tail IJr L11l'
link!'!1Ji~ l an'lI l"]lIl''fllw w rdi llll:ly llwl thl' inn-malc'(mllt('f lllailllai llillJ; till' 1I1111111l'r
or f'1' ~UIl ~ lI t,S ill I.ln' Jillkl'fl lisLis illl'll'IIIPlltl'fl h.\' UlI('.
• in t num.ele ment s 0 : Th is m('JIIh" r flllU' li oli ret urns 11 (·CHIllI. urthc~ uumhcr of
{'II ·lU" I1I,S f:lIlT1·lIl.1.\ ' ill Lhl· lillkl·rl lisL B{'('ll U~' III(' li st l'1,\SS maint ains a count or llll'
1I111111 'I' f uf list. ,'I!'IIU'llls lL<; llf'Will'ms ar r added, Ihis ll H'lll ] "~f rlllld ioll npcrntl~ ill
I:IIIstnntl in..••
• int i s. e.npt y() : If 1111' li" k('(l lio;tcollUlins no elemruts, this membe r flllll'titlll
u·i11 Il·tnrn IIIlIl-l I'I1I: nll,el"l\;sr.it will.....tum zero.
• const Type - l as t _el ellent () : Ocoe..;onally, an bnplementation may wish to
»luain the 1 11~t itr m in II list, The last_ el ellleneO member funct ion 1\;11 return Il
IKlinlr r III thr last I'lt'u ll'nt of rhe list, or a null jointer if til.. list is empty, T his
rllllfl inu " I't' ffllrs ill l"fJnsu mt t ime since the li st dlL'~' maintains II po jnter to the IlL'll
ltll '11I11t'r nrl]1I' list .
C.l0.2 P rotected Memb ers
TIll' li st d ns.'i has IIIl pmt er'te d members.
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C.I 0.3 Private M emb ers
• Li s t _Node<Type> ehe ad , e t.af L: Thl'~l ' two tlnla lIll' lIIhl'l"S stun- ppi lltt'l'~ to
tho lir:-;! und ln ~l, l'h 'lll ('n t s \Ifi ll!' lis t rf'SIlC'd. in{r, ' r ill'.\"an' llIHI"lc', l as 111'\\' i t c' llls a ro"
ad (lt'rlto l lu'list.
• in t count: T his dat il llll'm lwr nminlflillS a c'llll1\l,Ill' , Ill' 1lI11nll,'1' Ill' " \"1111'11 ' 1<
currently ill t llC' lis t. I ts \'al lll! 11111, " Ill' a n 'I'SSt' ( ! 1,.1" lln- num_elcments() 11ll' llllu 'l
Iuucclou.
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